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Abstract 
Abstract 
i 
The operation of a new type of light emitting diode (LED) developed in the last 
decade is investigated. In the so called "resonant cavity" LEDs (RCLEDs) the ac- 
tive region is embedded into a resonator formed by distributed Bragg reflectors. The 
devices considered here are for emission at 650nm to coincide with one attenuation 
loss of a particular plastic optical fibre (POF) to be used in local area networks. 
In this thesis room temperature photo-modulated reflectance and edge elec- 
troluminescence measurements have shown to give valuable results in determining 
the quantum well (QW) emission wavelength of these structures, where photolu- 
minescence cannot be applied. The cavity mode (CM) (resonator) wavelength is 
determined with reflectivity (R) measurements on wafers and devices. R spectra are 
also fitted with theoretical calculations and reveal differences in the layer structure. 
It has been found that the de-tuning between the QW emission and the CM 
has a stronger influence on the light output compared with the reflectivity of 
the top mirror. It alsoimproves the temperature stability. Larger devices show 
higher maximum efficiencies and are also less temperature sensitive than smaller 
devices. All devices are influenced by the carrier leakage into the indirect X-minima 
of the cladding, which has been shown to play a major role in the devices at high 
temperatures (above 400C) and for carrier densities higher than - 20OA/CM2 . 
The Ohmic self-heating adds to this, causing the high temperature sensitivity of 
these devices. The self-heating increases with decreasing device size and a value of 
(0.15 ± 0.02) Wlcrn'C for the thermal conductivity of these devices was found. 
The coupling into POF shows that strongly de-tuned devices only have an 
advantage over tuned ones in terms of temperature stability but are much worse 
if the total amount of coupled light is compared. For a given operation current 
smaller devices could be modulated faster due to the higher current densities but 
no intrinsic size dependence was found. From the modulation measurements the 
carrier density and values for the different recombination processes, defect related 
and radiative current were found showing that at low current densities the overall 
current was dominated by non-radiative defect recombination. 
Glossary 
Glossary 
LED Light emitting diode 
RCLED Resonant cavity LED 
VCSEL Vertical cavity surface emitting laser 
DBR distributed bragg reflector 
QW quantum well 
AQW quantum well wavelength 
CM cavity mode 
ACM cavity mode wavelength 
POF plastic optical fibre 
SI-POF step index POF 
GI-POF graded index POF 
PMMA polymethylmethacrylate 
c. w. continuous wave 
DC direct current 
PR photomodulated reflectance 
reflectance 
EL electroluminescence 
LI light-current characteristics 
OSA optical spectral analyzer 
OPM optical power meter 
DDM drift diffusion model 
, qi,, internal efficiency 
77ext, extraction efficiency 
77eq, external quantum efficiency 
RT room temperature (20-28'C) 
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Chapter 1 
Introduction 
Since the first "Let there be light" all kinds of light sources, beginning with the sun, 
have played a crucial role in people's lives. Fýom pure survival to art and technology, 
light has always been important and a source of fascination. In the following a brief 
overview about one modern application of light, optical communication, will be 
given. This is followed by a short description of some of the most topical light- 
emitting optoelectronic devices. 
1.1 History of Optical Communication 
The history of the transmission of information using optical techniques is much 
older than the history of electrical communication. Optical communication through 
means like fire (via smoke) date back to the early days of mankind [1]. In later days, 
the transmission of messages by flag-signals became a very common form of optical 
communication. By replacing the human flag-signallers with a set of semaphores 
mounted on top of towers at the end of the 18th century a French engineer called 
Claude Chappe created the first optical telegraphs [2] and so the "far-writer" was 
invented. In his system the message was still relayed by humans but the speed com- 
I 
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pared to a purely human messenger was vastly improved. The transmission over 
the 425km distance from Paris to Strasbourg took only 6 minutes [2]. This optical 
technique was soon to be replaced by electrical telegraphy that allowed faster signal 
transmission. A century later the inventor of the telephone, Alexander Graham Bell, 
took optical communication a step further by patenting his photo-phone in 1880 [3]. 
However, this device in which speech was transmitted by light did not prove very 
successful and the technology of optical communication was forgotten for a while. 
At the beginning of the 20th century the development of a new technology 
involving optical fibres took place. The idea of an optical fibre is to transmit light 
by total internal reflection. Total internal reflection occurs at the interface between 
a material with high optical density and a material with lower optical density for 
example from water or glass to air if the angle of incidence exceeds a certain critical 
angle depending on the two material refractive indices involved. The idea of total 
internal reflection is much older and this principle was first demonstrated by light 
being guided by jets of water in the 1850s [4]. 
In the first optical fibres, a silica core with high refractive index (i. e. high 
optical density) is surrounded by a cladding material with a lower refractive index. 
The numerical aperture (NA) for optical fibre can be calculated from the refrac- 
tive indices of the core n, and cladding n, j of the fibre (assuming that the outside 
refractive index no = 1). 
ý-n 21 - -7nc NA =: sineeo = 
ýn, 2 
cl (1.1) 
as illustrated in figure 1.1. 
All the light that gets accepted in the small fibre NA is then totally internally 
reflected and travels along the fibre allowing it to even be bent around corners 
(providing a minimum bend radius of -15mm, depending on n, n, j and the fibre 
thickness). The applications in the 1940s were fairly limited and included things 
such as dental illuminators and special light effects. In 1954 
[6] the main application 
for fibres was to transport light and images over short distances as for example 
needed for an endoscope. 
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Figure 1.1: Definition of 
numerical aperture (after 
[5]) 
The development of the laser in the 1960s [7] and in particular the 
achievements in semiconductor technology that led to light emitting diodes (LEDs) 
and semiconductor lasers focused research back onto optical communication. 
Atmospheric disturbances in the air limit the range of free space communications 
and had a century earlier hindered the further development of Bell's photophone. 
The solution to this problem was the introduction of optical waveguides [8]. The 
ultimate solution however came by using lasers together with optical fibres [9]. As 
soon as the loss in silica fibre could be reduced drastically, the advantages of fibres 
over rigid waveguides became clear, as fibres can be bent and fed around things 
easily. 
The development of the semiconductor laser made it possible to engineer 
the wavelength of the laser towards the minimum loss of the optical fibre. This 
minimum loss of the silica ("glass") fibre lies at 1.551Lm as can be seen in figure 
1.2. There is another local minimum at 1.31/-tm which coincides with the point 
of zero dispersion in the fibre. These two wavelengths are generally referred to as 
the telecommunication windows and a great deal of research has been focused on 
these two wavelengths exploring new semiconductor material systems. There are 
now new silica fibres available that exhibit low attenuation over a wavelength range 
from 1.2-1.6pm. However, since many of the original silica fibres remain in place, 
1.55pm and 1.31ym are still the mainly investigated wavelengths. 
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In the same way as laser technology successfully investigated new semiconduc- 
tor materials, new materials for optical fibres have also been developed in the last 
decade. One of these new materials is PMMA (Polymethylmethacrylate) as used for 
one type of plastic optical fibre (POF). A comparison of the wavelength dependence 
of the attenuation of different optical fibres can be seen in figure 1.2. 
105 
104 
1 o3 
200 
50 
cu =1 C= (2) 10 
1 
0.1 
300' 
PMMA I 
F2_ 
CF-CF 
GF2ý 
n 
F2C,, 
Z0 
Cytop CF2 
D-PMMA 
Cytop 
(current) 
coated silica 
Cytop 
(potential) 
silica 
500 700 900 1100 
wavelength (nm) 
1300 1500 
Figure 1.2: Attenuation of different optical fibres vs. wavelength 
The advantages of POF over silica fibre are cheaper production, the easier 
alignment due to the large (Imm) core diameter compared to - 6Pm for single mode 
or 60prn for multimode silica fibre, the greater ease of terminating and connecting 
single fibres and also its robustness. However the (glass) transition temperature T9 
of currently available PMMA-POF is only - 100'C and so may prove problematic if 
placed in a harsh thermal environment such as near a car engine. They also cannot 
withstand normal soldering temperatures [10]. A more significant disadvantage 
is 
the much higher attenuation at all wavelengths which is about IOOdB/km at the 
570nm minimum. This compares with only 0.2dB/km at 1.55pm in silica fibre. 
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Nevertheless plastic fibres prove useful in short range data links where the attenua- 
tion is less critical. 
The plastic optical fibres used in this work are PMMA-based step index fibres. 
In recent years, newer plastic fibres such as per-fluorinated fibres (for example Cy- 
top in figure 1.2) exhibit a much larger region of low attenuation. These fibres are 
usually fabricated as graded index fibres. The different modes of propagation and 
the underlying refractive index profile of step index and graded index fibres can be 
seen in figure 1.3. 
Index 
proille 
Figure 1.3: Propagation and 
refractive index profile in a step 
index and a graded index fibre 
from [11]. 
n2 
ni 
n2 
-ni 
Graded index fibres usually have a smaller numerical aperture and their modal dis- 
persion is less than in step index fibres. However step-index fibres do in turn have 
the advantage of being easier to fabricate. 
The sources used for the first generation of semiconductor based optical com- 
munication system were AlGaAs LEDs (in 1977) which emitted at 850nm where 
the silica fibre loss is, even today, about 2dB/km. The wavelength was therefore 
increased to reach the ideal wavelength for optical communication through silica 
fibre. For use in the new plastic fibres the emission wavelength for lasers and LEDs 
is instead decreased into the visible to coincide with the low attenuation minima of 
plastic fibre. One minimum of the POF attenuation lies at 650nm as can be seen 
from figure 1.2. The absolute attenuation minimum lies at 570nm, a wavelength at 
which detectors are less sensitive. Hence devices at 650nm are a good compromise 
Mullim ode Step Index 
MUltim ode Graded Index 
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between current detector sensitivity and fibre absorption. It still proves difficult to 
achieve efficient 570nm devices, but there is a great deal of research in the area of 
green and amber emitting devices based mainly on GaN so good devices could be 
expected in the next few years. In table 1.1 applications for light sources emitting at 
various wavelength are shown, focussing on the different fibres available for optical 
communic ion. 
A(nm) fibre other applications active region 
450nm/470nm blue displays, medicine [12] In(GaN) 
512nm/520nm Si-POF green displays In(GaN) 
570nm Si-POF amber displays GaP, GaN, InGaN 
650nm Si-POF red displays, printing, 
medicine (photodynamic 
therapy), storage (DVD) 
GaInP/AlGaInP 
660nm-760nm 
880nm-940nm 
medicine (oximetry [12]) 
4ý 
AlGaAs 
GaAs 
780nm CD AlGaAs 
850nm- 
-1300nm 
pf GI-POF 
pf GI-POF 
IR remote controls various 
various 
980nm EDFA laser surgery InGaAs/CaAs 
-1310nm silica fibre gas sensing (1321nm) InGaAsP, AlGaInAs 
GaInNAs 
, 1480nm, 1460nm EDFA, Raman InGaAs(P)/InP 
-1550nm silica fibre gas sensing (1578nm) InGaAs(P)/InP 
Table 1.1: Applications for various light sources at different emission wavelengths. 
Key to fibre notation: SI: step-index, GI: graded index, pf Gi-POF: perfluorinated 
POF [131 e. g. 
Cytop TM, EDFA: Erbium doped fibre amplifier. See figure 1.2 for fibre attenuation details 
It is worth noting here that most of the sources currently available 
for commercial 
datacommunication based on silica fibre are 850nm devices. This is despite the fact 
that they are away from the minimum of attenuation of silica but rather due to the 
use of the more mature AlGaAs/GaAs material system as used 
for 850nm devices. 
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Fýrom table 1.1 it becomes clear that 650nm devices are not only interesting for 
communications but have a variety of other applications. 
1.1.1 Applications of plastic fibres 
The main use for plastic fibres and therefore for 650nm devices lies in local area 
networks (LAN) for automotive and avionic applications. As can be seen in figure 
1.4, plastic optical fibres will replace slower and heavier copper cables due to the 
increasing demands of in-car navigation systems and other on-board computer func- 
tions. Another advantage is that plastic fibres do not suffer from interference with 
other electronic equipment as do the conventional copper leads. 
G P-5 
display monitor 
rear seat 
t 
car naviqation control unit 
! plastic optical fiber 
Figure 1.4: Automotive applications for plastic optical fibre. [14] 
Plastic fibres are also already used in CD players, PCs and industrial electron- 
ics [15]. In Japan where both the centre of plastic fibre research and the market 
lies, plastic fibres have replaced some copper cables and local area networks 
in hos- 
pitals. The standard connector that is used is the IEEE1394b 
(Firewire) standard. 
With this connector and POF it would be possible to connect televisions, 
digital 
cameras and other electronic devices to the 
PC without switching the computer off 
( "hot- plugging"). POF together with 650nm RCLEDs have 
been suggested as a 
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standard with the IEEE1394 interface [16]. The key advantage of IEEE1394b over 
USB ports, aside from the much higher volume/speed of data transmission, is that 
an IEEE1394b connector does not have to be used in conjunction with a computer 
but can be used to connect any two digital devices. 
1.2 Light Sources 
1.2.1 Light emitting diodes 
Light emitting Diodes (LEDs) have tended to be used mainly as indicators on com- 
puters and other electronic devices. Other uses include opto-switches, IR remote 
controls, computer mice and illumination. The situation has changed as LEDs get 
brighter and more colours become available. Nowadays LEDs are used in traffic 
lights, display boards, bicycle lights, laptop and television screens and also for vari- 
ous medical applications. In the last decade they also became available for brake and 
indicator lights in cars. The energy saving compared to normal bulbs is enormous 
(up to 85% has been reported for traffic lights [17]). This is not only because LEDs 
are more efficient but mainly because LEDs are manufactured to produce only the 
wanted colour (wavelength), whereas the need to use conventional colour filters for 
bulbs means most of the light produced by a bulb is not harnessed [18]. One of the 
newer challenges for bright LEDs is to produce white light as direct replacements 
for bulbs (for example in car headlights), some of which are already available [19]. 
1.2.2 Vertical Cavity Surface Emitting Lasers 
Light sources for coupling into optical fibre require high directionality 
(low beam 
divergence) of the light output and can therefore not be fulfilled with conventional 
LEDs. First proposed in the late 1970s and first produced in 1979 [20], vertical 
cavity surface emitting lasers 
(VCSELs) are an ideal source for coupling into any 
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optical fibre because of their relatively symmetrical beam when compared with edge 
emitting lasers. Therefore it is not surprising that the first VCSELs were produced 
for emission at 1.3pm. An additional requirement for VCSELs is to find appropriate 
materials for the Bragg reflectors. These have to have a sufficient difference in 
their refractive indices to obtain high reflectivity but must also be transparent for 
the emission. GaAs-based VCSELs, emitting at 780nm, 850nm and 980nm were 
developed more quickly and are now commercially available, whereas research into 
the optimisation of 1.31pm VCSELs is still ongoing [21]. 
The main difference between a vertical and a conventional edge-emitter is that 
for the vertical emitters the direction of the current (1) is the same as of the photons, 
perpendicular to the mirrors (m), as can be seen in figure 1.5. 
m 
m 
vertical emitter 
/1, 
m 
I 
light 
active region_ 
edge emitter 
Figure 1.5: Comparison between a vertical- and an edge-emitting laser. 
In a conventional edge-emitting laser the photons travel a distance equivalent 
to 1000s of wavelengths through the active gain medium. In contrast, for a vertical 
emitter the active region as seen by the photons is only very thin. Hence the 
reflectivity of the mirrors has to be at least 99.9% to enable multiple passes of the 
photons through the active region. The number of distributed Bragg reflector 
(DBR) 
pairs depends on the difference between the high and low refractive 
index. As this 
is low for 650nm devices, around 50 pairs of DBR pairs are needed to achieve a 
sufficiently high reflectivity. The growth of VCSELs though requires 
high precision. 
light 
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It has been suggested that whilst a 1% error in the layer thickness would only lead to 
a shift of 0.5nm in the wavelength for an edge emitter, this could shift the wavelength 
up to 8-5nm for a VCSEL [22]. Due to much research in this field, the quality of 
growth and fabrication is being further developed and this disadvantage of VCSELs 
compared to edge emitters could soon be resolved. 
Apart from the higher directional beam and higher (radial) output symmetry 
(as shown in figure 1-5) the main advantage over edge emitters is that VCSELs 
can be tested on the wafer before being cleaved and packaged. This is very cost 
efficient as poor quality wafers do not have to be fully processed. Hence time and 
money is saved. Consequently another advantage of VCSELs with respect to edge 
emitters is that VCSELs can easily be arranged in two dimensional arrays as they 
naturally form such arrays on the wafer. This is important for applications such as 
communications and printing. 
1.2.3 Resonant Cavity Light Emitting Diodes 
Combining both the vertical emission and the LED techniques leads to a new de- 
vice the resonant cavity LED (RCLED) first introduced in 1992 by Schubert 
et al [23]. Prior to this, the enhancement of spontaneous emission in a microcavity 
had been observed by Yokoyama et al [24] in 1990. In a resonant cavity device 
the spontaneous emission is enhanced by putting the active region into a resonator. 
The advantages of RCLEDs over conventional LEDs include a more directional light 
output, higher brightness and a narrower output spectrum in the normal 
direction. 
The resonant cavity also reduces the radiative lifetime 
[25] and so RCLEDs can have 
higher modulation speeds than conventional LEDs. Moreover due to the higher spec- 
tral purity coupled into a fibre, the modal dispersion in an RCLED-fibre system will 
be lower than in an LED based one. 
One of the disadvantages of VCSELs is that they have very temperature sen- 
sitive threshold currents. The absence of a threshold 
in an RCLED gives rise to a 
higher temperature stability compared with VCSELs. Thus, in the visible regime 
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(650nm, 570nm) RCLEDs become of most technological interest. Carrier leakage 
is particularly important in 650nm devices where a temperature dependent leakage 
current plays a larger role than in longer wavelength (for example 850nm) devices 
[26]. The light output of a GaInP-based 650nm devices for a fixed current not only 
decreases due to the broadening of the QW emission but also due to the increased 
amount of leakage. This effect is particularly pronounced in VCSELs where, for 
example, a 650nm VCSEL may not lase continuous wave (c. w. ) at temperatures 
above 80'C, as the gain will not be high enough at the cavity wavelength. However, 
such a temperature induced de-tuning of Acm and AQw has less of an effect on 
the light output of an RCLED due to the absence of a threshold and a larger CM- 
QW-emission alignment tolerance. This is due to the wider cavity dip in RCLEDs 
compared to VCSELs and also their lower finesse that lets light leave the device 
at higher angles away from the main cavity mode. As the light output decreases 
with increasing temperature, great emphasis was put on the improvement of the 
temperature sensitivity of the devices. For even longer wavelengths (> Ipm), de- 
vices are also very temperature sensitive due to Auger recombination. Since new 
graded index POFs have become available RCLEDs are also becoming interesting 
in this wavelength range [13]. The speed at which RCLEDs can be modulated is 
much lower than for VCSELs. Nevertheless 622Mbps data transmission of 650nm 
RCLEDs have been demonstrated [27]. However, in a POF based communication 
system using step index (SI) guided plastic fibre, the modulation speed is actually 
limited by the modal dispersion of the fibre rather than by the source [28] due to 
the high modal dispersion of the fibre. By using SI-(step index) POF the higher 
speed that can be obtained by VCSELs is of no advantage. This is illustrated in 
figure 1.6 which shows typical modulation bandwidths of normal LEDs, RCLEDs 
and VCSELs together with the bandwidth of SI-POF as a function of distance. 
As there is also a certain limit for the length of the fibre (approximately 50m) due 
to the high attenuation it can be seen from figure 1.6 that the RCLEDs seem the 
ideal partner for POF to achieve the best possible modulation bandwidth. 
This therefore makes RCLEDs an attractive alternative to VCSELs. Other 
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modulation bandwidth of SI 
plastic fibre and three devices 
after [29]. 
advantage of RCLEDs over VCSELS are that they are also easier and cheaper to 
fabricate. As fewer layers have to be grown it takes less time and also leads to higher 
uniformity. RCLEDs are aslo much more eye safe. 
Recent Achievements 
Since RCLEDs were first proposed in 1992 the concept has aroused much interest. 
This is primarily as alternatives to lasers and conventional LEDs for various appli- 
cations, especially at visible wavelengths, but also for resonant detectors [30]. The 
first RCLEDs developed [23] emitted around 850nm with a GaAs active region. In 
the last 10 years various wavelengths, mainly near-infrared and visible, have been 
achieved for RCLEDs. This was mainly triggered by the search for optical sources 
for use with different optical fibres. 
The first red RCLED was reported as early as 1993 by Lott et al [31]. It had a 
peak emission wavelength of 670nm and a device diameter of 35Am. 
Its light output 
was somewhat low at 93MW. In 1997 Jalonen et al 
[32] increased the light output for 
a 660nm (SOpm diameter) device to 1.1mW reporting a maximum external efficiency 
of 2%. 
For infrared materials higher efficiencies had been reported earlier. In 1995 
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max Blondelle et al [33] reported a maximum quantum efficiency, qeqe , of 16% 
for a 
940nm RCLED. For a 980nm device in 1999 Wierer et al [34) obtained an efficiency 
of 27%. The advances in device performance in the 900nm-1000nm region are due 
mainly to the very suitable material system as opposed to any specific application 
in this wavelength range. These advantages include the use of highly reflective 
gold mirrors, the transparent GaAs substrate and thus the use of high contrast 
AlAslGaAs or GaAsIA10., DBRs- Benisty et al [35] showed that a larger difference 
between the refractive indices, An, of the DBR layer leads to a higher extraction 
efficiency. In addition since An is higher, fewer layer pairs are required to achieve 
the high reflectivity necessary. In 1999 Bockstaele et al [36] achieved a maximum 
external quantum efficiency, , max , of 14.6% 
for 850nm RCLEDs and in 2000 Vilokki- eqe 
nen et al [37] showed 77-ax . 14% for 880nm devices. In the same year Depreter et eqe 
al measuredq-ax = 9% for InP based 1.31im RCLEDs [38]. eqe 
Due to the fact that GaAs, and even A1xGaj-xAs with low aluminium con- 
tent (low x) absorb visible light, the DBRs for 650nm devices are made using 
AlAs/Alo. 5Gao. 5As pairs. However their An is considerably lower than for longer 
wavelength devices where AlAslGaAs pairs can be used in the DBRs. Thus, rela- 
tively high efficiencies, albeit not as high as infrared devices have been achieved in 
the visible region only in the past three years due largely to the improvements in 
the growth quality. 
In 1998 Streubel et al [39] achieved a maximum external quantum efficiency of 
4.8% for a 660nm device (84pm diameter) and also showed that the devices could 
be modulated at speeds of up to 512Mbps after being coupled into Im of 
POF [401. 
Two years later in 2000, Gray et al [41] showed similar efficiencies of up to 
6% for 
the more important wavelength of 650nm albeit for relatively 
large devices (400pm 
diameter). The high efficiencies of almost 10% obtained by two groups in 2001 
[28] 
and [42], were due to the use of a coating of transparent epoxy over 
the devices to 
enhance the extraction efficiency. Wirth et al 
[42] achieved this high efficiency for 
both large area (300 x 300)tLm 2 and small aperture 80jLm devices. 
Dumitrescu et al 
[28] achieved a bandwidth of 350MHz for a 40pm aperture 
device, which decreased 
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for bigger devices and for an 84ttm device modulation speeds of up to 622-Mbps 
were observed. Modak et al [43] showed in 2001 that efficiencies of 5% could also 
be achieved with a germanium substrate allowing the possibility of replacing the 
commonly used GaAs substrate by a possible cheaper alternative [44]. The latest 
achievements for red RCLEDs are summarised in table 1.2. 
group, year and max and ? 7eqe bandwidth/speed 
wavelength(nm) max. light output temp. coefficient (0-70'C 
Streubel [39], [40] 4.8% (84ym), 250Mbps (30m Pof), 
(1998), 660nm 8.4mW (120mA) 512Mbps (Im POF) 
1.3%/'C (tuned) 
0.7%/OC (de-tuned) 
Cray [41] 6% (400pm) 
(2000), 650nm 1mW (13mA) 
Dumitrescu [28] 9.5% epoxy (84ym), 20OMHz (84pm), 622Mbps 
(2001), 650nm 350MHz (40[im) 
15mW (50mA, 500ym) 0.5-0.89%/'C for POF coupling [45] 
Wirth [42] 9.6% epoxy (300x3OO)pm 
(2001), 650nm 12mW (100mA) 
9.2% (80ym), 2.9mW (20mA) 
Modak [43] 5.2%) 
(2001), 640nm 8mW (100mA) 
Zarlink [46] 3.5% > 120MHz 
(2002), 650nm 2mW (30mA) 0.7%/'C (fibre coupled) 
Table 1.2: Recent Progress in red RCLEDS. key: q"': maximum external quantum eqe 
efficiency. temp. 
temperature. 
coefficient is a measure of the decrease of the light output with increasing 
In order to achieve the high efficiencies mentioned in table 1.2, high currents 
had to be used. For commercial applications this is not desirable as the power 
consumption needs to be sufficiently low. Since 1999 red 
RCLEDs have become 
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commercially available. An example of the performance of devices from Zarlink 
Semiconductor (formerly Mitel) is also included in table 1.2 [461. Rom the table it 
can be seen that, in order to achieve both high light output and also a high band- 
width, a compromise for the device size has to be found. Bigger devices have higher 
efficiencies but smaller devices show higher modulations bandwidths. 
Part of the work for this thesis has been to find if this size dependence can 
be explained entirely through the difference in current density, or if any intrinsic 
size dependence plays a role. Another focus of this thesis as perhaps apparent from 
table 1.2 is the difference in the temperature sensitivity for devices with a de-tuning 
between the emission of the active region (often quantum well emission) and the 
cavity mode wavelength. The main aim and outline of this thesis shall be discussed 
in the next section. 
1.3 Thesis aim and outline 
The aim of this thesis is to understand how 650nm RCLEDs work, what their prob- 
lems are and how they might be improved. The main points are to identify how 
certain parameters influence the device performance and how these can be opti- 
mised. This is not only to achieve higher light output but also higher coupling 
efficiencies into optical fibres, higher modulation bandwidths and a lower tempera- 
ture sensitivity. These improvements for the devices will be discussed in particular 
with respect to their applications. In the following, the outline of the thesis shall 
briefly be discussed. 
In chapter 2 the basic theory of LEDs and in particular of resonant cavity 
LEDs is discussed. The structural details of RCLEDs and the experimental tech- 
niques to characterise the devices are also introduced. 
As one important feature of RCLEDs is the peak of the QW emission (AQw), 
the techniques for determining it are introduced in chapter 3. Here the theory 
of edge electroluminescence and photo-modulated reflectance 
(PR) and associated 
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analysing techniques of these measurements are discussed together with the results. 
The other important feature of an RCLED is the cavity mode wavelength 
(Acm). This can be extracted from measurements or simulations of the device 
reflectivity. The theory of the reflectivity of a multilayer structure, results from 
reflectivity measurements and simulations will be shown in chapter 4. The possi- 
bility of fitting R spectra with theoretical calculations is also introduced and results 
of these fits are discussed. A newly developed technique of measuring R directly 
on a device will also be described in that chapter followed by the results of these 
measurements. Measuring AQw with PR and the ACM on individual devices helps 
to determine the critical CM-QW de-tuning. 
This is followed by three chapters of results of device measurements. In chap- 
ter 5, the effect of CM-QW de-tuning on the device performance is discussed. 
Electroluminescence spectra and light-current characteristics particularly for differ- 
ent temperatures are shown. The reasons for the temperature sensitivity, namely 
carrier leakage and self-heating are discussed. It shall be shown that the de-tuning 
of the devices actually helps to make the devices less temperature sensitive if a 30' 
collection angle is assumed (as in POF). 
In chapter 6 the influence of top reflectivity and aperture size on the device 
performance are discussed. It will be shown that de-tuning has a stronger influence 
on the temperature sensitivity than the top DBR reflectivity. The size dependence 
of the self-heating leads to a simple model of the heating effects present in these 
devices. 
In the final results chapter (chapter 7) device characteristics important for 
their applications are investigated. This consists of describing the coupling into and 
the transmission along plastic optical fibre and also measurements of the modulation 
bandwidth. With a simple model the carrier density and the ratio of the radiative 
current with respect to the total current is extracted from modulation bandwidth 
measurements. 
The thesis concludes with chapter 8 which is a summary of what has been 
achieved and an outlook towards the future. 
Chapter 2 
Resonant cavitY light-emitting 
diodes: Background 
This chapter deals with the general principles of RCLEDs and gives a brief intro- 
duction into their fabrication and the experimental details for their characterisation. 
2.1 Theory of Light Emitting Diodes 
A conventional light emitting diode (LED) is a direct bandgap semiconductor p-n 
junction operated under forward bias as illustrated in figure 2.1. 
ý current p n 
p 
n ------ ---- ------ --------- ----- ---- - --------------- 7 
'-%a c tive --i, e 
E3 
_lectrons CB 
holes 
VB 
(b) 
Figure 2.1: (a) Light emitting diode. (b) Band alignment for an LED (pil-junctioii) 
under forward bias. 
17 
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The wavelength of the light emitted is largely determined by the bandgap of the 
active semiconductor material. For example, in the case of the much used GaAs, 
this is around 870nm which lies in the near infrared. 
One of the major problems with these first "homoj unction" LEDs was the high 
probability of the generated photons being reabsorbed and the difficulty to confine 
the electrons and holes to the same region. This was overcome by reducing the width 
of the active region and sandwiching it between two layers of another semiconductor 
material with a wider bandgap. This invention of the double heterostructure [47] 
for which its inventors were finally awarded the Nobel prize in the year 2000 was 
also very important in the development of semiconductor lasers. By placing the 
active region between layers of a higher band gap material the injected carriers are 
confined to the active region as it contains the lowest energy states. The principle 
of a double heterostructure under forward bias is shown in figure 2.2. 
Figure 2.2: Double heterojunc- 
tion under forward bias together 
with the refractive index (n) profile. 
electrons 
E 
g(l) Eg(2) E g(l) 
holes 
----------- n2------------ n, n, 
In a double heterostructure the photons are also confined to the active region due to 
the difference in refractive index between the active and cladding layers as shown in 
figure 2.2. After recombining, the photons can travel through the outer semiconduc- 
tor layers as these are transparent at the photon wavelength. In an edge emitting 
device the photons will just travel along the active region. By 
further decreasing 
the width of the active region to a few atomic layers a quantum well 
is formed. This 
concept is far more important for lasers than 
for LEDs. It has the effect of reducing 
the volume that is electrically pumped and hence the threshold current 
density (the 
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current density at which the lasing action will start) will also be reduced. A final 
advantage of QWs is that a variety of wavelengths can be engineered with one active 
material. This can be achieved by changing the composition/ strain of the QWs, 
and/or the QW width since decreasing the width increases the confinement energy, 
and thus decreases the ground state transition wavelength. 
In general, the main problem of an LED is not so much the internal quantum 
efficiency 71i, (how many photons are produced per electron injected), as this can 
be close to unity due to the aformentioned confinement plus excellent growth that 
minimises defects. It is, rather, the external quantum efficiency ? 7eqe which is impor- 
tant. This is basically a measure of how much optical power is produced compared 
with the electrical power input. Apart from the problem of reabsorption, there are 
other reasons which prevent a photon produced in the active region from leaving 
the device. 77eqe is thus the product of the internal efficiency and the extraction 
efficiency, Tlextr: 
Tleqe -":::: ? 7in? lextr- (2.1) 
? Iextr is defined as the ratio of the light emitted into a cone of an angle smaller than 
or equal to the critical angle (of total internal reflection) to the total light produced, 
i. e. the ratio of the light that leaves the device to the total light produced. 
The 
extraction efficiency depends on the critical angle 
Oc = arcsin 
no 
1 
(2.2) 
n 
and thus also on no and n, which are the outside and device refractive 
indices 
respectively. An illustration of the principal of total internal reflection showing 
the 
critical angle 0, can be seen in figure 2.3. 
Assuming the outside material to be air and therefore no= I, the extraction efficiency 
of an LED can be evaluated by calculating the 
fraction of light that is emitted within 
a cone restricted by the critical angle, compared with 
the total (in the whole solid 
angle) emitted light. This leads to an extraction efficiency of 
oc --I-. For example 4n2 
for n-3.4 ', (and thus a critical angle of 17') q, -, t, would only 
be - 2% [351. 
13.4 is the refractive index of AlGaInP at 650nm as used 
here 
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Figure 2.3: Illustration of the critical 
angle for total internal reflection where 
n> no. 
The principle of total internal reflection is just a special case of the reflection at 
a boundary that can be derived from Fresnel's equations. For a single interface and 
s-polarisation (perpendicular), the exact value of R for any angle can be calculated: 
R no cosOo -n cosO 
2 (no 
cosOo +n cosO 
) 
(2-3) 
where n and 0 are the refractive index and the angle in the incident layer and no 
and 00 the properties of the second layer corresponding to air for one device air 
interface. Thus, in addition to the fact that a fraction of that light reaching the 
device-outside interface at a particular angle gets reflected, a certain percentage of 
light will always get reflected at an internal interface. For normal incidence (0 = 0) 
and assuming again no=I and n=3.4 this leads to 30% internal reflection. For a 
more accurate description equation 2.3 would have to be integrated over all possible 
angles. How can the extraction efficiency of an LED be increased ? 
One way, often used in conventional LEDs, is to surround the LED by 
a dielectric. As this has a higher refractive index (- 1.6) than air, more light 
will emerge from the device due to the fact that less light will get reflected at 
the device- dielectric and the dielectric-air interfaces. In spite of the introduction 
of another interface that leads to further possible reflection, the overall internal 
reflection will be reduced as can be calculated using equation 2.3. More importantly 
the critical angle will be increased and thus the extraction efficiency correspondingly 
increases. 
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Another possibility is to make use of the reabsorption of photons, a process 
called photon recycling. High efficiencies of up to 22% for devices featuring photon 
recycling have only been reported for cryogenic (77K) temperatures [48]. 
The concept of a non-resonant LED introduces a mirror on the bottom of the 
device which reflects back all the photons that did not leave the device when they 
first got to the top interface [49]. With the device surface being textured and so 
achieving strong surface scattering external efficiencies of 30% are achieved [49]. 
By introducing a second mirror on the top it is possible to create a resonant LED 
as will be discussed in the next section. 
2.2 Resonant Cavity LEDs 
By surrounding the active region of an LED with top and bottom mirrors a cavity is 
produced. If the cavity optical path length L is a half-integer multiple of the wave- 
length of the emission peak we have a resonant cavity (RC). Here L=M, where 
1 is the actual cavity length and h is the average reflective index of the structure 
comprising the cavity. In most of the studied cases L was approximately equal to 
the QW emission wavelength (1A) as shown in figure 2.4. 
1X cavity 
- OW nnqition 
CD 
75 
1 
Figure 2.4: Illustration of the 
optical field in a 1A cavity. The 
QW is placed at the antinode of 
Z4 the field. 
V 
V 
For example, for emission at 650nm and a refractive index for the AlGalnP as used 
here of n=3.4, the actual cavity length (thickness), 1, is about 190nm. 
Due to this 
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small dimension, RCLEDs are often also referred to as microcavity LEDs (MCLED). 
If the RCLED is a top emitting device the reflectance of the bottom mirror 
is usually chosen to be as high as possible (about 99%) to ensure that few of the 
photons produced are wasted by leaking into the substrate. The top mirror reflec- 
tivity then has to be optimised to achieve the highest light output [50] i. e. it has 
to be large enough in order for the cavity to play an important role in the light 
output but should not be too large as otherwise little light will leave the device from 
the top. The cavity also strongly modifies the light output of the LED. If the QW 
(or QWs) are placed at an anti-node of the cavity optical field (see figure 2-4), the 
amount of spontaneous emission that is coupled into the CM (and thus at the cavity 
wavelength) and into the forward (normal incidence) direction is greatly enhanced 
[51]. The external quantum efficiency can be enhanced for a RCLED by a factor of 
two to four compared with a normal LED, depending on the position of the emitter 
in the cavity [35]. It has been shown that this position within the cavity is crucial 
as the spontaneous emission can also be inhibited by the presence of the cavity [52]. 
Purcell was first to study the particular influence of a cavity on the spon- 
taneous emission in 1946 [53] for nuclear magnetic moment transitions at radio 
frequencies. According to Purcell the spontaneous emission is enhanced by a factor 
f= 3QA3 /47F2V where Q= A/AA is the quality factor of the circuit or resonator, 
V its volume and A the resonating wavelength. For a microcavity Q 0C F, where the 
finesse, F, is given by 
F= 7rY-RlR2 (2.4) 
1- RjR2' 
where R, and R2 are the reflectivities of the mirrors confining the cavity. For 
infrared emission in semiconductors this enhancement was demonstrated in 1990 
[54]. The change in the spontaneous emission of a dipole within a cavitY becomes 
clearer when it is considered that this is not an intrinsic property of the dipole itself 
but is always a result of the dipole coupling with the surrounding modes of the 
electromagnetic field [55]. The total spontaneous emission rate 
(W,, 
p,,,, t) is given 
by 
00 
Wspont Wspont p(vi) dvi, (2.5) 
0 
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where W1 is the spontaneous emission rate into the optical mode I and p(vi) spont 
the optical mode density of that mode and v, the mode frequency [56]. If there is 
no mode (i. e. the mode density equals zero) into which a dipole can emit then it 
clearly cannot do so and thus the dipole would stay in its excited state. Hence, by 
changing the optical mode density, the spontaneous emission can be controlled. If, 
for example, by creating a very small cavity only one mode was available for the 
emission it should be possible, in theory, to achieve a thresholdless laser as all the 
power is coupled into the only allowed mode [57]. 
One way of illustrating the possible modes in a cavity is by showing the modes 
in k-space as seen in figure 2.5 [581. In k-space the QW emission is represented as a 
sphere with the radius kQw = 27/AQw if the QW emission is isotropic. The modes 
allowed by the cavity of length 1, are planes in the r direction (as the cavity is un- 
bound in that direction) intersecting the k, -axis at k, = n7F/l,, for n= ±1, ±2, ±3,.. 
corresponding to the order of the cavity i. e. A/2, A or 3A/2-cavities. As most of 
the structures investigated here were A-cavities only the planes corresponding to the 
second order are drawn in figure 2.5. 
Illowed modes 
kz 
Figure 2.5: Modes in k-space: The surface of the sphere with radius kQW represents the 
unperturbed QW peak emission. k, it is the critical angle 
that defines the light output 
cone for any LED device. 
The allowed cavity modes are represented 
by the k-vectors that start within the 
centre of the cavity where the 
QW is situated and end at the intersection with the 
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plane defining the cavity mode. The actual output will also be restricted by the 
critical angle. The mode density is now defined as the ring that marks the cross- 
ing of the QW emission sphere with the cavity planes, marked as allowed modes in 
figure 2.5. If the QW emission was very narrow, consisting of only one wavelength, 
the light output would consist of only this ring. Since the QW emission is fairly 
broad it can be represented by many spheres with different radii corresponding to 
the range of wavelengths (for clarity only one sphere is shown in figure 2.5). Hence 
different wavelengths can leave the device at different angles. For higher k values 
the intersection with the cavity will be at higher angles. As a higher k corresponds 
to a shorter wavelength it can be seen that light at shorter wavelengths can leave the 
device at higher angles as seen from the representation in k-space in figure 2.5. This 
is an important point for understanding the light output of these devices. Another 
important fact that can be derived from figure 2.5 is that light of wavelengths longer 
than ACM cannot leave the device, as there would be no intersection of a circle of 
radius 27r/A for A> ACM with the cavity plane. As the cavity mode has a finite 
width the actual "cut-off" frequency lies at ACM + half the width of the CM dip. 
The overall light output will depend on the relative positions of the QW emission 
and the cavity mode. 
The two important features of an RCLED are therefore the QW transition 
wavelength (AQw) in the active region and the length of the cavity 1, which results 
in a certain cavitY mode wavelength (Acm). The aim is for both of these wavelengths 
to be approximately the same at the device operating temperature, and that; 
AQW ' ACM ' 
ABragg 
i 
(2.6) 
where IýBragg is defined as the centre wavelength of the reflectance stopband (which 
will be discussed in more detail in chapter 4) or the wavelength of the Bragg reflector. 
It marks the centre of the region of the high reflectivity within the device and thus 
the QW emission is aimed to coincide with it. It is therefore important to 
find 
techniques by which both AQw and ACM (and also AB,,, g_q) can be 
found to monitor 
the quality of the growth. 
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2.3 De-tuning 
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One of the major challenges for optoelectronic devices, and in particular for vertical 
emitters is to achieve stable operation over a wide temperature range. It has been 
shown [59] that a slight mismatch in other words a de-tuning between the two crucial 
wavelengths, AQW and ACM actually improves the temperature sensitivity [60], [61] 
and also may increase the total light output of RCLEDs [41], [62]. The sign of the 
de-tuning (AA) is defined here as, 
A, \ =Z \cm -. ÄQW, (2.7) 
so that a positive de-tuning refers to a device where the QW emission peak is blue 
shifted with respect to the CM at normal incidence. As both wavelengths move 
with temperature at different rates (the QW emission moves faster), the amount 
and possibly the sign of the de-tuning will change with increasing/ decreasing tem- 
perature. However, for a device that is negatively de-tuned (Acm < Acm at normal 
incidence), or becomes negatively de-tuned with increasing temperature, the light 
output is drastically decreased. This is because only light at shorter wavelengths 
than the cavity mode can leave the device at higher angles (as can be seen in figure 
2.5) as will be discussed in more detail in chapters 3 and 5. 
2.4 Structures, growth and fabrication 
The active region of the RCLEDs investigated in this thesis consists of two 
Ino. 5, Gao. 49P QWs between AlInGaP barriers. Different structures with differ- 
ent QW specifications (width, composition, strain) have been investigated. Full 
details of the nominal structures can be found in the appendix. To provide the 
required enhancement of the spontaneous emission, the active region is surrounded 
by distributed Bragg reflectors (DBRs). The DBRs are made of alternate layers 
of low-index (ni) and high-index materials (nh), which can be semiconductors or 
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dielectrics. In the present case the DBRs consist of AlAs/AlO. 5G4.5As pairs. The 
total maximum reflectivity depends on the difference between the low (nl,, ) and high 
(nhi) refractive indices of the DBRs and is given by 
n, nj, 
2p 2 
R no nhi (2.8) 2p 
+ 
no' nhi 
where no and n,, are the refractive indices of the incident medium and the substrate, 
respectively and p is the number of the layer pairs [63], [351. Rom this equation it 
can be seen that the smaller the difference between ni, and nhi, the more pairs have 
to be added to achieve the same maximum reflectivity compared with layers with a 
greater refractive index contrast. 
Due to the relatively small difference in the refractive indices (An) between 
AlAs and AlO. 5GaO. 5As, a large number of DBR pairs is needed to achieve the re- 
quired high reflectivity. The red RCLEDs investigated here have 8,11 or 14 pairs 
for the top and 32 or 34 pairs for the bottom mirrors, compared with typically 34 
and 54 periods for top and bottom mirrors respectively in a red VCSEL. To confine 
the current, apertures can be created by ion implantation or oxide confinement. 
The devices discussed here utilise H+ implantation to form the current aperture. A 
schematic structure of an RCLED device can be seen in figure 2.6. 
Parameters that can be varied in the structure are the de-tuning between the 
QW emission and the cavity mode wavelength, the number of top DBRs and thus 
the reflectivity, the size of the aperture and the number and emission wavelengths 
of the QWs. In this work the de-tuning was altered by only varying the cavity mode 
between devices while keeping the QW emission wavelength constant. The results 
for these devices will be discussed in chapter 5. The top reflectivity was changed 
by varying the number of top DBRs between 8,11 and 14 and the results for these 
devices will be the subject of chapter 6. Six different aperture sizes (25pm, 50pm, 
70pm, 100prn, 150pm and 200pm) were available to investigate the size dependence. 
The aim of all these variations was to find less temperature sensitive and more effi- 
cient devices. 
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Figure 2.6: Schematic structure of an RCLED device consisting of substrate, top and 
bottom mirrors (DBRs), active region with a QW and two sets of contacts. The proton 
implanted regions and the top contacts confine the current to certain areas and leave 
different size apertures for the light output. 
The successful growth of RCLED wafers has been reported using both MBE 
(molecular beam epitaxy) and MOVPE (metal organic vapour phase epitaxy) tech- 
niques [321, [42]. To define the current and light output aperture different masks 
were used. The diameter of the masks for the implant (for current confinement) 
were 10pm bigger than the aforementioned (light output) aperture sizes. After the 
metallisation of the top and bottom of the device to create the contacts the de- 
vice can be tested on a probe station (details in chapter 4). The last step in the 
fabrication process is bonding the device onto a TO-header as shown in figure 2.7 . 
bond device 
Figure 2.7: Device mounted and bonded onto 
a TO-header 
+ 
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2.5 Experimental device characterisation 
To characterise the performance of the devices, the light output is measured under 
different conditions using various techniques. When a current is passed through 
the devices electron-hole pairs are created. These may subsequently recombine and 
a certain fraction of these recombinations produces light. By measuring the light 
output with respect to the bias current, the external efficiency of the devices can be 
determined. 
The purpose of this section is to give a brief overview about some of the device 
characterisation techniques used in general for LEDs, focussing on the techniques 
used in this thesis. Details of the set-ups will be discussed together with the device 
results in chapters 5,6 and 7. A generalised sketch of possible experiments for the 
device measurements is shown in figure 2.8. 
detection system 
OM device *= current source 
optical power meter: LI device mount c. w. operation 
peration optical spectral analyser: pulsed o 
EL-spectra rotational stage: angle dep. 
thermoelectric element: voltmeter: IV 
network analyser: bandwidth temperature-dep. 
Figure 2.8: General set-ups for device measurements. 
The device under investigation is placed on a mount connected to a current source. 
By connecting a voltmeter to the circuit a current voltage (IV) curve can be mea- 
sured. For all other device characteristics, the light output that is generated 
by 
the bias current is either focussed onto a broad area detector or into a 
fibre or one 
port of an integrating sphere. The inside of such a sphere 
is coated with a highly 
reflective coating so that light that enters the sphere at any angle 
through one port 
is reflected to reach the second port of the sphere so that the total 
light output can 
be measured. The light can be analysed spectrally using either an optical spectrum 
analyser (OSA) or other spectrometer. 
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The first test of a fully processed device is to measure the voltage across the 
device as a function of bias current. These are the so called current voltage char- 
acteristics or IVs. From these the relative series resistance of different devices can 
be compared. If it is very high this can indicate problems that may have occurred 
during fabrication for example at the bonding stage, but can also indicate poor con- 
tacts due to contamination or inadequate doping. 
To characterise the light output two main measurement principles were used: 
light-current characteristics, L1, and electroluminescence (EL) spectra. Various set- 
ups have been used to measure LIs and spectra under variable conditions that will be 
explained together with the results in chapters 5,6 and 7. In the following only the 
basic principles of these two measurements are discussed. In the LI characteristics 
two main features are observed, the maximum light output and at which current 
this occurs i. e. at which current the device thermally rolls over. In figure 2.9 a 
typical LI is shown. 
Figure 2.9: LI-curve showing 
thermal roll-over. 
(0 
maximum output 
...... ....... 
roll-over 
048 12 16 20 
current (mA) 
The measurements can be performed either under continuous wave 
(c. w. ) or pulsed 
operation to investigate the self-heating of the 
devices. With the light-current char- 
acteristics the spectrally integrated light output 
is measured. Measuring the light 
output under electrical bias is called electroluminescence 
(EL). This can also be 
spectrally resolved to create an EL spectrum. 
Here the output of the electrically 
pumped device (or sometimes even the wafer) 
is analysed in a spectrometer or op- 
tical spectral analyser (OSA). A typical spectrum can 
be seen in figure 2.10. 
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Figure 2.10: EL spectra for a 
650nm RCLED. The peak occurs 
at 649.6nm and the FWHM is 
7.2nm. 
Measuring the spectra not only yields information about the exact wavelength po- 
sition of the light output but also about the spectral width (full width at half 
maximum: FWHM) and a possible shift with increasing temperature. Both the 
spectrally resolved and the spectrally integrated light output can be measured as a 
function of the emission angle to create a far field pattern. This can be performed 
by mounting the device on a rotation stage. 
Since 650nm RCLEDs will be used in short distance plastic optical fibre links 
more than just the intrinsic properties of the devices should be investigated. Thus 
coupling into these fibres and transmission along them shall be considered. Again 
both Us and EL spectra are measured before and after the light is passed through 
POF to find the coupling efficiency and the spectral dependence of the coupling. 
The modulation bandwidth that determines how fast the devices can be modulated 
is also of great importance. This is measured using a network analyser. These 
experiments will be explained in more detail in chapter 7. 
Chapter 3 
Photo-modulated Reflectance and 
Edge Elect roluminescence 
3.1 Introduction 
The wavelength of the light emitted by the RCLED is determined by the quantum 
well (QW) transition energies and the cavity mode (CM) wavelength. It is therefore 
important to know the QW transition wavelength to determine the quality of the 
wafer or to select an optimum area of the wafer to process into devices. As the actual 
device fabrication takes considerable time money, it is very important to know the 
wavelength of both the QW (AQw) and the CM wavelength (Acm) before starting 
the processing of devices to check if they meet the specifications (see equation 2.6 in 
the previous chapter). This chapter will deal with the experimental methods used 
to find AQW. 
Due to the modulation by the Bragg mirror reflectivity the peak of the QW 
emission cannot be measured with conventional, top emission room temperature 
photoluminescence (PL) or electroluminescence experiments. Any emission from 
the top of the wafer will yield spectra distorted by the Bragg mirror reflectivity and 
will generally show a peak in the spectrum at the CM wavelength. To overcome 
31 
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this, the PL is often measured before the top DBR pairs are grown. This leads to 
two problems. Firstly, if the sample has bottom DBRs, the PL can still be influ- 
enced by reflections from these and will not show the accurate QW emission peak. 
Secondly, if the sample is only a PL test sample (without DBRs) the growers cannot 
be sure that a subsequently grown full device structure will have exactly the same 
QW emission. It is therefore essential to find techniques that can measure the QW 
emission of a full RCLED wafer structure. 
This chapter will introduce two of these techniques, namely edge electrolumi- 
nescence and photo-modulated reflectance. After describing the background theory 
and the experimental set-ups of these methods the results for various sets of wafers 
are presented and compared. 
3.2 Edge Elect roluminescence 
One method to determine AQW is the measurement of the edge electroluminescence 
(EL). The EL that comes out at the side is relatively unaffected by the mirrors and 
thus shows the QW emission without the influence of the mirrors. To clarify the 
terms of "front" and "edge" emission a diagram is shown in figure 3.1. 
Figure 3.1: Diagram explaining 
front and edge emission of a wafer. 
edge emission 
To measure the edge-EL, a piece of the wafer is held in a special mount 
between a 
grounded copper plate and a transparent conducting 
indium tin oxide (ITO) coated 
glass slide. The top ITO contact is tilted so that carriers are only 
injected into a 
small strip near the edge. The mount is then placed 
in front of the spectrometer so 
that only the EL coming from the edge of the sample 
is collected, as shown in figure 
front emission 
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3.2. 
front EL 
edge EL glass slide lenses 
with ITO 
...... ... . ...... ............... spectrometer < 
polai-isei, RCLED wafer copper 
Si-detector 
voltage 
lock-in 
_reference 
source 
computer for control 
and data storage 
Figure 3.2: Sketch of the set-up to measure the edge electroluminescence of a RCLED 
wafer. 
By simply rotating the sample holder through 90' the front (top) emission can also 
be measured. As relatively small amounts of light are collected, a lock-in amplifier 
is used. The reference frequency is provided by the voltage source, that supplies a 
square wave. Edge-EL is a destructive technique since it requires a small piece of 
the wafer, in general approximately 5mm x 5mrn, with a cleaved edge. Details of 
the edge EL method can be found in [64]. This method must be used with caution 
however, as the edge-EL can be red-shifted with respect to the true QW emission, 
depending on how much of the wafer is pumped (i. e. how wide the excitation stripe 
is) due to self absorption [64]. As the light that is emitted in the plane of the device 
may consist of a mixture of transverse electric (TE) and transverse magnetic JM) 
polarised light, a polariser is placed in front of the spectrometer, to only allow TE- 
polarised light to be measured. This is the polarisation at which the device emits in 
the front direction. Nevertheless the technique is very good to get an approximate 
idea for where the QW peak position lies and also about how wide the QW emission 
spectrum is. It can also provide a first hint if there are two different 
QW transitions 
in the device. Not only do measurements of the TE- and TM-polarised light reveal 
the heavy-hole and light-hole contributions but also, if the wafer has two dissimilar 
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AQW that are far enough apart to be resolved, both these transitions can be detected. 
3.3 Modulation Reflectance (MR) 
As the edge-EL requires a cleaved edge it is a destructive technique. Therefore 
another technique, photo-modulated reflectance (PR), a form of MR, is preferred for 
finding the QW emission peak. To measure the PR of a sample, no special mount is 
required and full size wafers can be measured and returned for subsequent processing. 
PR is particularly useful for vertical cavity structures as has been demonstrated for 
VCSELs [65], [66] and RCLEDs [67]. 
3.3.1 Theory of MR for vertical-cavity structures 
PR is a particular form of modulation reflectance spectroscopy [68] that came first 
into use in the mid 1960s [69]. In such techniques, the reflectivity of the investigated 
sample is modulated by various methods. These methods include the modulation of 
the wavelength of the incoming light, the sample temperature (thermo- reflectance) 
[70], the sample stress (piezo-reflectance) [71], an intrinsic, built-in electric field 
via a chopped laser (photo-reflectance) [72] or an applied field (electro-reflectance 
ER). The reflectivity of a multilayer structure depends on the dielectric functions 
of the various materials forming the structure. The dielectric functions are changed 
by these modulations. Thus, in addition to the normal reflectivity a change in 
reflectivitY, AR (the difference between the reflectivity R with and without the 
perturbation) can be measured. In this way a derivative-like signal (AR/R) of the 
reflectivitY can be obtained. As R is a function of the real and imaginary dielectric 
functions El and IE2 respectively a change in these, 
AEj can be translated into a 
change in R and the signal can be approximated by 
AR 
=I 
(aR 
A61 + (9R AIF2 RR OE, aE2 
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With the substitution of a=I-! ýR-- and 0= -I- -ý-R where a and 3 are the Seraphin R aEl R aE21 
coefficients (after Seraphin and Bottka [731), this leads to 
AR 
R (3.2) 
As a is proportional to the change of R with respect to E, it effectivelY relates to the 
change in the refractive index. Similarly 0 relates to the change in the absorption. 
For bulk materials the dependence of a and 0 on the energy (wavelength) is slow 
and virtually featureless but near a critical point, one of them always dominates 
[73]. In a QW structure it is more complicated and both contributions of a and 0 
have to be considered. 
A full theoretical description for a multilayer structure like an RCLED is rather 
more complicated as the AR/R in equation 3.2 becomes a sum over all layers and 
therefore certain approximations are made. In the following, different approaches 
for the theoretical description of the PR signal are discussed. 
It has been shown for a vertical cavity structure that in the vicinity of the 
CM, the Seraphin coefficients are rapidly varying and can be empirically described 
by the real and imaginary parts of a complex Lorentzian: 
_, t L_ý _, 
r,, (E - Ecm) 
LX ý. L-l )-u ECM)2 + ]p2 1 cm 
r2 
, ß(E) = oo 
cm 
(E - 
ECM)2 + p2 1 cm 
(3-3) 
where ECM and IPCM are the energy position and the half width of the CM and ao 
and 00 are amplitudes [74]. a is thus described by an anti-symmetric lineshape and 
0 by a symmetric lineshape. Furthermore it is assumed that the modulation of the 
dielectric function of the QW dominates over the contributions of the other layers in 
the structure and hence only AEQW is taken into account. The dielectric function for 
the QW, E (E) = E, (E) + iE2 (E) can also be approximated with a complex Lorentzian 
[75]: 
, F(E) 
IQW 
EQw) + irQw' 
(3.4) 
where lQw, EQw and FQw are the intensity, energy position and the linewidth of 
the QW respectively. For room temperature the use of a Gaussian lineshape has also 
been suggested [76]. To work out the values for AE 1 andAE2 a linear combination 
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of the derivatives of Ej with respect to rQw and EQw are used 
AEj = 
aEi 
AEQw coso -- 
aEi 
AFQw sinO, (3.5) aEQW arQw 
where 0 accounts for the degree of mixing of these two derivatives i. e. 0= 
(0 = 90') corresponding to a derivative purely with respect to EQw (FQw). For the 
AEj values this results in the following: 
(E - 
EQW)2 _ F2 IQW Qw COSO [(E - 
EQW)2 + F2 W]2 Q 
and 
IýkE2 ý IQW 
2FQw (E - EQw) _,, _ ý, 
) 
[(E EQw)2 + r12 2 QW] 
2rQw(E - EQw) 
-COSO + 2 
(E - 
EQW)2 - r2 Qw sino 2 EW) 
Q 
2+r ]2 
QW [(E - 
EQW)2 +r W]2 Q 
(3.6) 
(3.7) 
Putting equations 3.6,3.7 and 3.3 back into equation 3.2 results in a very lengthy 
expression and will therefore not be stated here. 
Another approach comes from the description of the PR lineshape of bulk ma- 
terials. The various different methods of modulation spectroscopy can be classified 
into those that conserve the translational symmetry and those that do not. As piezo- 
reflectance conserves the lattice periodicity it can be described with a first derivative 
expression [71]. In the case of PR and ER the electric field destroys this periodicity 
and a third derivative expression has been very successful in describing the line- 
shape. This has been introduced by Aspnes [77]. Equation 3.2 can be represented 
as AR/R = Ref(a - io)(AE, + iAE2)1- In bulk materials the Seraphin coefficients 
io 
are not strongly energy dependent and thus can be substituted by a- iO = Ce 
Thus, according to Aspnes the PR signal near a critical point energy ECp can be 
described as the real part of the following complex function 
AR 
=: Re R ECP + irl)n 
j1 (3.8) 
where n=3 corresponds to two dimensional (QW) and n=2.5 to a three 
dimensional 
(bulk) critical points. After substituting E- Ecp + ir' = Be'ý and thus 
B2= 
(E - ECp )2 + ]p2 and arccos 
(IF/ (E - Ecp)) the real part of the function can be 
calculated [78]: AR CCOS(O - (3-9) 
R (E - Ecp+ 
jr)n/2 
I- 
ceio 1 
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3.3.2 Photo-modulated Reflectance (PR) 
In photo-modulated reflectance the internal field (therefore the sample in question 
must be appropriately doped) is modulated by a chopped laser beam that is inci- 
dent onto the same spot as the unmodulated beam. Such a built-in electric field 
will be modulated as the chopped laser periodically creates electron-hole pairs. The 
reflected light is then collected with a detector. Care has to be taken to avoid col- 
lecting any of the scattered laser light. The small changes in the field alter the QW 
dielectric function and thus the refractive index of the structure. 
For the vertical cavity structures both important features, AQw and Acm, can 
generally be seen in the PR spectra. However as they interact with each other, it 
is useful to vary this interaction in order to study the features. This is of partic- 
ular interest if it becomes necessary to deduce AQW indirectly through Acm as is 
sometimes necessary when QW is not visible. In order to do this a technique has 
to be found that varies the position of one of the features with respect to the other. 
The possibilities for this are to vary the angle of incidence, the temperature or use 
a combination of both. 
The QW transition energy EQw decreases with increasing temperature (T) 
according to the Varshni [79] equation 
EQW(T) = EQW(OK) - 
aT 2 (3.10) 
(T 
+ b) 
where a and b are the material dependent Varshni coefficients. Thus, the wavelength 
increases with increasing temperature. Due to thermal expansion of the cavity 
and the increase of the refractive index with increasing temperature [80] Acm also 
increases, albeit not as fast as AQW. Indeed the rate of increase of AQW is about 
four times higher than of ACM for the samples studied here [81]. By recording PR 
spectra as a function of temperature the relative position of the two features can be 
changed and at a certain temperature it may be possible to make them overlap. 
A 
disadvantage of this technique is that an accurate measure of AQw will not be made 
at room temperature but at whatever temperature 
both features overlap. 
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3.3.2.1 Angular dependent PR 
38 
Angular dependent PR measurements are more straightforward as only one of the 
two features is changed. The QW ground-state transition wavelength is (as ex- 
pected) unaffected by varying the incident angle, 0. However, due to interference 
effects occurring between the DBR layers, which can be approximated as a Fabry 
Perot cavity, the CM wavelength ACM decreases with increasing incident angle 0 as: 
1 2 20 2 
, XCM(0): --.,: ACM (00) ,_ 
no sin 
1 n2 
where n is the effective value of the refractive index in the layers comprising the 
cavity and no is the refractive index of the outside medium, which is assumed to be 
air and therefore equals 1. If, as normally required for a working device, the QW 
emission wavelength is at a shorter wavelength than the CM at normal incidence at 
room temperature, but in the range 
, \CM(900) ::::: ý 1\CM(00)V(I - 1/n2) < \QW <- Acm (0'), (3-12) 
the CM can be made to cross AQW and be brought into resonance with the QW by 
increasing the angle 0 away from the normal. In figure 3.3 a schematic diagram of 
the angular dependent PR set-up is shown. 
The sample is mounted on a rotation stage to measure the angular dependence. 
The sample holder may also be equipped with a heater, or placed in a cryostat, to 
measure the temperature dependence. In order to be able to measure the normal 
incidence reflectivity, a beam splitter is inserted between the two incident lenses. 
The photon energy of the modulation laser used has to lie above the bandgap of 
the investigated material so that the material can absorb the laser radiation. In the 
present study an argon-ion laser emitting at 514nm was used for the modulation. 
The power of the laser was approximately ImW but could be reduced with neutral 
density filters. This is sometimes necessary as the laser-induced PL will also be 
detected by the lock-in amplifier, creating a high PL background proportional to the 
laser power. For most cases in this study the unattenuated laser yielded the best 
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Figure 3.3: A schematic diagram of the set-up used to measure the angular dependent 
PR. 
results. The chopper is driven at a frequency of approximately 330Hz and a 570nm 
high pass filter is used in front of the detector to avoid measuring the scattered laser 
beam (at 514nm). The filter also suppresses second order light coming from the 
spectrometer, which becomes more important at longer wavelengths (> 700nm). 
3.4 PR Analysis techniques 
There are various ways to analyse the experimental data obtained from PR mea- 
surements. These have to be exploited to find the QW transition as accurately as 
possible. In the following these shall briefly be described. 
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3.4.1 QW PR-feature 
In contrast to PL, modulated reflectance in generally creates sharp derivative-like 
features at the ground state and also at higher order QW transition energies [82]. 
Consequently the QW wavelength can sometimes be found directly from the PR 
spectrum. In an RCLED structure, if the QW and CM position are clearly separated 
at a particular measurement angle, it is possible that both features will be seen in 
the corresponding PR spectrum. With a set of angular dependent PR spectra both 
features can be distinguished, because the QW transition remains constant with 
0 whilst the CM can be seen to move with 0. However, more frequently, certain 
manipulations have to be done with the data to clearly identify the QW transition. 
These are the subject of the following sections. 
3.4.2 PR Resonance technique 
If the CM and QW move closer together they start to interact and thus can be seen 
in the PR spectra [67]. This can lead to an enhancement of the PR intensity allowing 
the "resonance technique" to be used to identify the QW position [83]. Theoretically, 
the interaction can be described as a multiplication of both features, as can be seen 
in equation 3.2, where a and 0 describe the CM feature and AE, and AE2 the QW 
feature. When they are far apart they will not influence each other and may be seen 
individually, as mentioned above. If they are made to overlap then the amplitude of 
the PR signal can be enhanced, depending on the shape and the broadening of the 
features. By changing the angle and thereby altering the overlap, the peak-to-peak 
PR intensity will correspondingly increase and decrease. By plotting this PR signal 
intensity versus angle, or versus the corresponding ACM(O), the position of AQw can 
be found at the maximum where AQW = ACM(O). 
This resonance effect may be seen more clearly in the PR spectra by plotting 
their moduli. The modulated reflectivity can effectively be described as the real 
part of a complex function that depends on the wavelength. Thus the modulus of 
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the function can be found by performing a Kramers-Kronig transformation which 
relates the real and imaginary parts of the complex function, if they are related by 
a linear response function [84]. Further details of this technique will be discussed in 
section 3.5 and its particular application to PR spectra can be found in [85]. 
3.4.3 PR Symmetry technique 
It has been suggested by Chosh et al [86], that in certain cases, for example when 
the broadening of the QW and CM features are different, the resonance technique 
may not work. An assumption that has been made here is that the derivative of 
the dielectric function with respect to energy will be dominant in equation 3.5, 
equivalent to 0=0. Thus, leading to a symmetric lineshape for AE, and an anti- 
symmetric one f6rAE2 as can be seen from equations 3.6 and 3.7. If FQW > FCM 
the intensity will not be enhanced when AQW and ACM are in alignment. In some 
cases the interaction of both features can lead to an anti-resonance effect. Then the 
intensity of the PR signal goes down when ACM and AQW are aligned. In these cases 
a symmetry argument can help to find AQw. If the broadening of the QW exceeds 
the broadening of the CM, oz and 0 will be much sharper features than the AEj. As 
, AE2 is a broad and therefore slowly varying anti-symmetric feature, which is zero 
at AQw, OAIF2 -0 near ACM and so aAE, dominates. Therefore the lineshape of 
the PR-signal for the angle at which AQw = Acm is, like a, anti-symmetric. For 
lower and higher angles the PR spectra will again be mixtures of both contributions 
and therefore will be asymmetric. If the intensity does not increase, the overlap and 
hence the QW peak position can still be found through the lineshape by identifying 
the anti-symmetric spectrum. In caseý, when there is no resonance effect observed, 
the opposite will be true, which means that the PR intensity will pass through a 
local minimum where ACM and AQW are aligned. 
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3.4.4 Fitting of PR spectra 
42 
As described earlier in this chapter the PR signal can be represented theoretically. 
Hence, calculated spectra can be used to fit experimental ones with a least-squares 
fitting algorithm. The QW position can then simply be extracted as one of the 
fitting parameters. 
As has been demonstrated earlier for VCSELs [83] and RCLEDs [67], the 
lineshape of the PR spectra is mainly determined by the product of 0 and AE2- 
This is due to the fact that at Acm (where the largest changes in the signal are 
expected), a is zero (see equation 3.3). Therefore a simplified fitting function taking 
only 0 andAE2 into account is used to fit the data. Thus the fittings are performed 
with a slightly modified equation based on Aspnes' third derivative function and 
thus referred to as TDFF [78]: 
AR ]p2 rn cm QW cos (3.13) R (E - 
ECM)2 + r12 [(E -E QW)2 + 
]p2 W] 2 cm Q 
where IF =n arctan(- r/ (E - EQw)). The fitting with the above described equation 
is performed using a Marquard-based least-squares algorithm and the program used 
was developed by Dr. J. Hosea [87]. In addition to the QW transition energy, Ecm, 
rcm and rQw are also extracted as fitting parameters. It has been found that the 
choice of the exponent n does not have a strong influence on the fits. 
3.4.5 ýýE2-analysis 
In some cases it may only be necessary to measure the PR intensity at the CM 
energy. At the CM a passes through zero and 0 is at a maximum (see equation 
3.3). Thus, equation 3.1 reduces to 
AR (Ecm)= OmaxAE2 (ECM)- 
R 
(3-14) 
By changing the angle of incidence, ECM will be tuned through EQw 
(if both are not 
too far apart (see equation 3.12)). Providing that does not change significantly 
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with angle the AR/RjEcmvalues can be plotted with respect to Ecm and a pseudo- 
PR spectrum may be obtained. The lineshape of the spectrum will be determined 
by the lineshape Of A62 as described in equation 3.7. Substituting Ecm for E in 
equation 3.7 shows that when ECM = EQW, the first term goes to zero and the 
second term is at a maximum. To find out which of the two terms dominates the 
lineshape Of 4ý62, the data is fitted with equation 3.7 where IQw is replaced by a 
new amplitude 1:: ý IQWOmax- 
(E M_EW)2 _ F2 AR (Ecm) -I( -2rQw(Ecm - 
EQw) 
_coso +cQ 
QW 
-sinO [(E M- 
EW)2 + r, 2 W]2 
[(E 
M-EW)2 + r'2 
]2 RcQQcQ QW (3-15) 
The energy and linewidth of the QW together with 0 and can then be extracted 
as fitting parameters. In figure 3.4 the two extreme possibilities for the lineshape 
(antisymmetric or symmetric about EQw) corresponding to 0' and 90', are 
shown. 
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Figure 3.4: Possible 
symmetric (solid line) 
and antisymmetric 
(dashed line) lineshapes 
Of ýý62 according to 
equation 3.7. 
If the lineshape is symmetric about the QW energy, EQw can be found as the peak 
position. If the ýýE2-analysis yields an antisymmetric shape, the energy of the 
QW is 
found at the point of inflection, where the graph goes through zero. In general there 
will be a mix of both cases and to extract EQw the data are fitted with equation 
3.15. 
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Acm (0) can be taken directly from the reflectivity measurements. To achieve 
more accurate results the AcM(O) are first fitted with equation 3.11 and from this fit 
the resulting Acms are used. If this method obtains reliable results it could promise 
to save time on the measurement as ideally only one point and not the whole PR 
spectrum would then have to be measured. 
3. 5 PR and edge-EL Results for RCLED wafers 
In this section the PR and edge-EL results will be discussed. Each of the following 
sections describes the results on a particular set of wafers and also focuses on one 
of the analysing techniques. 
3.5.1 Comparison of PR results of RCLED wafers with one 
and two QW transitions 
In these sections the first set of two wafers that have nominally identical DBR spec- 
ifications but differ in the active region are discussed. Wafer I (in the following 
referred to as SI) has two QWs that have the same transition energy (same compo- 
sition and thickness). Wafer 2 (S2) has two QWs with different thickness and thus 
different transition energies and also a slightly longer cavity than wafer S1. The 
structural details of both wafers can be found in the appendix. 
3.5.1.1 Results on RCLED wafer Sl: One main QW transition 
The angular dependent PR results for the wafer S1 at room temperature can be 
seen in figure 3.5. Here the PR spectra for all the measured angles are plotted. The 
experimental results are shown as symbols in the graph while the lines correspond 
to the fitted lineshape model, as described earlier in equation 3.13. It can be seen 
CHAPTER 3. FINDING THE QW EMISSION WITH PR AND EDGE-EL 
that the fits agree very well with the experimental results. 
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Figure 3.5: PR spectra for different angle of incidence experimentally (symbols) theoret- 
ically fitted (solid lines). The dashed vertical line marks the position of the QW according 
to the later described fit. The dotted line is a guide to eye showing the change in ACM 
with angle. 
The wafer that was measured here has two nominally identical QWs. In figure 
3.5 the position of the ground state transition (the wavelength of the transition as 
extracted from the fits as described later) is indicated by the vertical dashed line. 
The shift of the CM with angle is indicated by the dotted line as a guide for the 
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eye. Where both lines cross, CM and QW will be aligned and a resonance in the 
intensity is expected to be observed. The resonance can be seen in figure 3.6. This 
figure shows the overall PR peak to peak amplitude at different angles versus the 
CM wavelength at that angle as obtained from the spectra in graph 3.5. In figure 
3.7 the value of the PR signal exactly at the CM wavelength is plotted and thus a 
virtual 'ýIE2-PlOt is obtained (as described in section 3.4.5). 
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Figure 3.6: PR peak amplitude at the 
CM wavelength versus CM wavelength. 
The connecting line is only a guide to the 
eye. 
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The points have been fitted with equation 
3.15. 
The highest intensity and thus the resonance occurs at (653.5±1)nm corresponding 
to an angle of 13'. The data in figure 3.7 has been fitted with equation 3.15. The 
fit of the ýýE2 data suggests a AQw of (652.5±0.8)nm. 
The actual PR spectra in figure 3.5 were also fitted with equation 3.13 and the 
630 635 640 645 650 655 660 
result compared with the others. These fits can be seen in figure 3.5. The results 
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from the fits for AQw together with the Acm obtained from the R spectra are shown 
in figure 3.8. 
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Figure 3.8: Results obtained from the fit of the PR-spectra. 
Here the dashed line defines the average of the AQw values (650.9±2.8)nm extracted 
from the fits of the spectra for different angles. The experimentally measured ACM 
and a fit with equation 3.11 are also shown. These three results together yield 
(652.3±1.7)nm for AQw. This has now only to be corrected for any temperature 
effects. The temperature at which the PR measurements were taken was - 28- 
300C. As AQw shifts 0.147nm per degree C [81], this leads to a QW wavelength at 
20'C at (651±2)nm. The uncertainty of the lab temperature adds an uncertainty 
of approximately ±0.3nm to the result. 
To finally confirm the value for AQW, a destructive edge-EL measurement was 
performed (with the set-up seen in figure 3.2 on page 33). The result for the device 
performance important TE-polarised emission is shown in figure 3.9. 
Here not only the peak at 649.5nm±I. Onm but also the width of the spectrum can 
be seen. The FWHM (full width at half maximum) is 22nm. As the increase in 
the lab temperature was caused by the heat generated by the air-cooled argon ion 
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Figure 3.9: TE-polarised edge-EL confirming the QW wavelength and also showing the 
width. 
laser that is used to carry out the PR measurements, for the EL measurements 
(for which the laser is not used) only a correction of -0.7nm has to be applied, as 
the lab temperature for these measurements was -25'C. This would lead to AQW 
-(648.3±1.0)nm at 20'C from the EL, which is within the uncertainty of the PR 
result. This result also shows that there cannot be any appreciable redshift (and 
hence little re-absorption effects) observed in the EL, as the wavelength obtained 
from this is shorter than obtained from PR. 
3.5-1.2 Results for RCLED wafer S2: Two dissimilar quantum wells 
The second RCLED wafer (S2) has two QWs with different thicknesses and thus 
different transition wavelengths. The first choice of measurement is edge EL and 
the results can be seen in figure 3.10. this spectrum with the one for the wafer with 
only one QW transition (as seen in figure 3.9) the difference can clearly be seen. 
Both transitions can be seen as peaks in the spectra and suggests AQW(1)=654nm 
and AQW(2)=643nm. The only difference in the structures of wafer SI and wafer S2 
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Figure 3.10: Edge-EL that shows two peaks corresponding to the two QW transitions 
at 654nm and 643nm. 
is the number of different QWs. Thus, as there is only one peak in the EL spectra 
for wafer S1, the two peaks in the EL spectrum for wafer S2 are assigned to the two 
different QWs and not to two transitions within one QW (the splitting is too large 
for this to be true). The results for the AQW at longer wavelength are confirmed by 
PR measurements as the QW feature occurs at (655.5±0.5)nm, which is also the 
result that theAE2method yields. In figure 3.11 these results are shown. 
Figure 3.11 (a) shows the angular dependent PR spectra and the QW feature can 
clearly be seen at the indicated line (at 655.7nm). The line at 642nm suggests the 
position of the second QW transition. In figure 3.11 (b) ARIR(Ecm) = 0, axAE2 
is shown. From the fit the first transition is found at 655.4nm. It was not possible 
to find the transition at shorter wavelength with PR as no measurements could 
be performed down to 642nm due to the angular restrictions of the set-up (see 
equation 3.12). The intensity plot does not show a clear resonance in the amplitude 
but by applying the symmetry theory an estimate for the QW transition can be 
found as the PR spectra for 30' is antisYmmetric so AQw = Acm(30')=655.5nm. So 
the results for this wafer at 20'C are, AQw(l)=(654±1)nm and AQw(2)=(642±2)nm. 
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Figure 3.11: AR/R spectra and ARIR(Ecm) ý 07naxAE2 for the wafer with two differ- 
ent QWs. The position of the QW at longer wavelength can be seen as indicated in both 
graphs. The position of the other QW transition is also marked, even though it cannot be 
deduced from these graphs. 
3.5.1.3 Summary 
A summary of the results for the QW transition of wafer SI and both transitions for 
wafer S2 (S2a and S2b) can be seen in table 3.1. The final result in the last column 
is corrected for any temperature differences. 
This summary shows that by using many analysing techniques a more accurate value 
for AQw can be obtained. The average result of 650nm for AQW of the wafer S1 will 
be used in chapter 5 where results for devices processed from a wafer with the same 
AQW as SI but slightly varying Acm will be compared. 
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PR-feature AýýE2fit Res. /Sym. 
L fit edge-EL AQw (20'C) 
si 650 652.5nm 653.5nm 650.9nm 649.5nm (650±2)nm 
S2a 655.7nm 655.4nm 655.5nm 654nm (654±1)nm 
S2b --642nm 
--T 
643nm (642±2) 
Table 3.1: Summary of the results for the two wafers showing the results for the 
different analysing techniques. 
Key: PR-feature: position of the constant feature in the angle-dependent PR due to the QW 
transition, 11ý662flt: fit of the AE2-PlOt using the PR signal at CM, Res. /Sym: through the 
resonance or symmetry technique acquired result, fit: TDFF fit of the PR spectra, edge-EL: 
peak of edge-EL spectrum. 
3.5.2 Results for RCLED wafers with different numbers of 
top DBRs and different doping 
To investigate the influence of the top reflectivity, this set of RCLED wafers consist 
of wafers with either 8,11 or 14 top DBR pairs. Details about the structures can 
be found in the appendix. All of the wafers had two QWs with different transition 
wavelengths. The structures varied slightly from the previously discussed ones (SI 
and S2) as they had a 3/2-A and not a I-A cavity. Consequently the two QWs of 
the structure were placed 1/2 A apart at the two antinodes of the structure. The p- 
dopant had also been varied but the rest of the structures were nominally identical. 
Three different p-dopants Zn, C and Mg were studied. In total, seven wafers have 
been investigated. Results on devices processed from these wafers will be presented 
in chapter 6. The R-spectra for these wafers can be seen in figure 3.12. 
Apart from a shift of ACM, the decrease of the width of the cavity dip with increasing 
number of top DBRs can be observed and shall be discussed in more detail in the 
next chapter. The growth for all wafers was aimed to produce two QWs with 
transition wavelengths at 652nm and 642nm. As only one of the seven wafers has a 
CM wavelength higher than 650nm this one shall be used to deduce the results via 
the resonance and the QW feature techniques. 
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Figure 3.12: Reflectivity at nor- 
mal incidence for the seven wafers 
differing in the p-dopant and the 
number of top DBR pairs as indi- 
cated. The spectra are offset verti- 
cally for clarity. 
Sometimes the PR spectra are not easily interpreted and the position of the 
QW feature cannot obviously be identified. A way around this is to calculate the 
modulus of the PR spectra as can be seen in figure 3.13. The modulus can be 
calculated with the help of a Kramers-Kronig transformation that relates the real 
a, and imaginary part 0'2 of a complex function, a (see for example [88]). 
(W) + iO'2 (W) 
- .1 dwl 
0'(wf) 
Vr W/ -w 
(3.16) 
The measured PR signal can be interpreted as the real part of a complex function 
that depends on the wavelength. In reality only positive values of the energy can 
be measured and so the limits of the integral have to be changed. With the help 
of some algebra two equations for the real and imaginary part can be deduced from 
equation 3.16: 
-20 
foo dwl 
0'2 (W /) 
W 0'2 (W) 
2w 
0f 
oc' d. / 0" 
(w 1) (3-17) 07, 
(W) 
7T W12 - W2 7r w12 - u)2 
Using the Kramers-Kronig transformation, the imaginary part of this function can 
be found and thus the modulus (Jul - 
ýRe(or)2 
+ IM (or) 2) can be calculated. In 
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practice the values of w are not measured from 0 to oo therefore care has to be taken 
that the contribution to the integral outside the measured range is negligible i. e. the 
function has to go to zero at both sides. 
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Figure 3.13: PR modulus spectra for different angles between 15' and 75'. 
In figure 3.13 the modulus spectra for different angles for one wafer (Zn doped with 
8 pairs of top DBRs) can be seen. In the modulus spectra, the QW transition (and 
the changing position of the CM) can be seen as peaks rather than derivative like 
functions as in the original PR spectra. The PR signal can be represented by a third 
derivative function as in equation 3.8. Together with equation 3.9 this leads to the 
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following for the modulus: 
AR 
R 
C 
((E - 
ECp) 2+ r'2) (n) 2 
54 
(3.18) 
Thus the modulus is showing a peak when E= Ecp. Hence, for the two QWs 
transition wavelengths of 653nm and 643nm can be extracted. These wavelengths 
are confirmed by the resonance and the AE2 technique as can be seen in figure 3.14. 
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Figure 3.14: PR and IPRI (PR modulus) amplitude (a) and the value for the PR signal 
(b) at the CM all versus CM wavelength. The line in graph (b) is a fit to the data that 
helped to extract AQw- 
The main peaks in the intensity plot of figure 3.14 suggest QW transition wave- 
lengths of (652.4 ± 0.5)nm and (640.9 ± 0.5)nm. Fýrom the IýIE2 technique the values 
for the QW transitions are (653.4 ± 0.3)nm and (643.9 ± 0.3)nm. This leads to an 
overall best estimate for the two QWs of (652.9±0.6)nm and (642.6±0.6)nm and 
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thus of (652±1)nm and (641±1)nm at 200C. These results, as shown in table 3.2, 
show that the target values of 652nm and 642nm have been achieved for this wafer. 
I 
PR-feature ýýE2fit Res. result (200C) 
Zn 8DBR AQw, 653nm 653.4nm 652.4nm (652±1)nm 
Zn 8DBR AQW2 643nm 643.9nm 640.9nm 
_ (641±1)nm 
Table 3.2: Summary of the results for the two QW transitions of the Zn doped 
wafer. For explanations of the table headers see table 3.1. 
For the other six wafers, transitions around 650.5nm and 641nm are also observed. 
As the resonance technique could not be used here for the AQW at 650nm, the tran- 
sitions for one of the wafers are measured with edge-EL. The results for the edge 
and front EL for a carbon doped wafer with 8 top DBR pairs can be seen in figure 
3.15 together with the front EL (FEL). 
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Figure 3.15: Front (FEL) and TE-polarised edge-EL (TE) for a device with 8 DBR 
pairs. The FEL peaks at the CM, which is at 
643.5nm for this wafer. The edge-EL has 
its main peak at 640nm and a shoulder at - 651nm. 
The inain peak of the edge-EL is at 640nm. The 
feature of the second QW can only 
be seen as a shoulder and lies near 651nm. 
The front EL (FEL), that is also shown 
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in the graph, confirms that with this method only the Acm and not the AQW can 
be measured as it peaks at 643-5nm which is the ACM for this wafer. If a device 
was processed from this part of the wafer, the performance would not be very good. 
This is because all of the light produced by the first QW (AQW = 651nm) would not 
escape from the device, as only light at wavelengths shorter than ACM can leave the 
device. 
3.5.3 Results on RCLED wafers with varying cavity modes 
A set of wafers was grown with deliberately varying CM wavelength over a large 
range of 100nm. All of the wafers had only one QW and its transition was aimed 
at 650nm in all wafers. The influence of the varying CM on the reflectivity spectra 
will be discussed in the next chapter. Here the results on wafer JOI-If with Acm at 
650nm will be presented. In figure 3.16 the PR intensity is plotted versus angle of 
incidence. 
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Figure 3.16: PR inten- 
sity versus angle of inci- 
dence. The drop in the in- 
tensity suggests an antires- 
onance at 30'. 
It is not clear from this plot if there are two resonances and thus two 
QW transitions 
or if indeed an antiresonance around 30' 
has occurred. Therefore it cannot be de- 
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termined from this plot where the QW/CM overlap is. Other methods of analysing 
the data have to be used. In figure 3.17 the PR intensity at the CM, together with 
a fit of equation 3.14, is plotted against ACM. This is a virtual AE2-plot and in this 
case the lineshape is anti-symmetric and the symmetry method can also be applied. 
8 
6 
4 
Figure 3.17: ARIRIAcm 
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The fit suggests AQw = 645.9nm, which is approximately where the AE2-data goes 
through zero. The angle associated with Acm = 645.9nm is -30'- This is where in 
the resonance plot in figure 3.16 the minimum occurs. To verify if it is an antireso- 
nance the lineshape of the PR spectra has to be examined. The PR spectra of 30' 
and surrounding angles are shown in figure 3.18. 
It can be seen in figure 3.18 that the highlighted PR spectra for 30' and 32.5' are 
anti-symmetric and occur between more symmetric shapes either side (25' and 40'). 
This suggests that the overlap between Acm and AQw occurs between 30' and 32.5' 
and therefore AQw = 646.1nm as this is the corresponding CM between those angles. 
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Figure 3.18: PR spectra showing 
the change from (almost) symmetric 
to a clear anti-symmetric lineshape. 
In table 3.3 a summary of the results for all five wafers is presented. 
PR-feature AE2fit Res or Sym AQw (20'C) Acm 
J01-IF 646.2nm 645.9nm 646.1 nm 644.7±0.6nm 650nm 
JOI-2F 644nm no main CM 647.6nm 643.7±2.9nm no CM 
JOI-8F 643.8nm 643.7nm 646.5nm 643.7±1.4nm 650nm 
JOI-8H 643.4nm 643.3nm 644.6nm 643.8±0.6nm 663nm 
JOI-ID 644.5nm EL: 641.5nm 642.7nm 641.5±1.9nm 645nm 
Table 3.3: Results for five wafers summarising the different analysing techniques 
leading to a best estimate for AQw. Table headers bear the same meaning as in table 3.1. 
Wafer 112F did not have a main CM but the overlap could be created with one of 
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the prominent side dips in the R-spectra. Despite the differences in the proposed 
and achieved Acm for the different wafers, which shall be discussed in more detail in 
the next chapter, AQw is fairly constant. The value is however closer to (644±1)nm 
than to the proposed 650nm. Although this difference is relatively small it is still 
larger than has been observed for other wafers, suggesting that the nominal QW 
thickness was too low. The consistency also shows that the great variations in the 
cavity length did not influence the QW transition energy. It was never intended 
to process devices from these wafers and with some wafers, as indicated in the last 
column of table 3.3, which do not have a main CM, device operation would not be 
possible. For the other wafers, the discrepancy between the intended QW emission 
of 650nm and the achieved one of 644nm, could lead to quite promising devices 
processed from these wafers with a small positive CM-QW de-tuning. In chapter 5 
the influence of this de-tuning on the device performance and its possible advantages 
will be investigated. 
3.6 Conclusion 
In conclusion PR and edge-EL have successfully been applied to determine the 
QW transition wavelength in RCLEDs. In many cases all of the possible analysing 
techniques discussed had to be used to obtain a confident result. In this chapter 
results for various wafers with three different structures have been presented. 
The S1 AQW has been determined to be at the intended 650nm. The result 
has been obtained with linewidth fitting, the virtual PR-plot method (1ý162), the 
resonance technique and edge-EL. The two QWs of the S2 wafer are determined by 
edge-EL to be 654nm and 642nm. These results were confirmed by PR with the 
, ýý62-method and an anti-resonance 
is observed. The Krames-Kronig transformation 
could successfully be used to determined the QWs for wafers with 
different numbers 
of top DBR pairs and different p-dopings to be at 652nm and 
641nm. Another 
example of an anti-resonance is observed in the wafer 
J01-IF leading to AQW = 
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644±lnm. No clear guideline has been found to predict if a resonance or an anti- 
resonance will be observed as the broadening of the CM and the QW are neither of 
comparable nor of very different (order of magnitude) size. However, in both cases 
the results obtained from a resonance or an anti-resonance plot are confirmed with 
other independent analysing techniques. For both sets of wafers these measurements 
show that ACM varies between the structures but AQW remains reasonably constant. 
Chapter 4 
Reflectivity 
4.1 Introduction 
In addition to the quantum well ground state emission wavelength (AQW), which 
was the subject of the previous chapter, the cavity mode wavelength (ACM) is 
another important parameter that has to be determined in order to understand 
and predict the light output characteristics of an RCLED. Experimentally this 
value can be extracted from normal reflectivity measurements, but it can also be 
calculated. In this chapter the theoretical model for the calculation of reflectivity 
spectra of multilayer structures shall be described. Results of the calculations will 
then be compared with measured spectra. In addition the theoretical reflectivity 
will also be used to directly fit experimental spectra. 
In the second part of the chapter a novel experimental technique to measure 
the reflectivity spectra on individual devices will be introduced. The R spectra 
measured with this method are then shown and subsequently discussed. 
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4.2 Theory 
The reflectivity spectra of an RCLED is mainly determined by the Bragg stacks. The 
calculated reflectivity spectrum of a distributed Bragg reflector (DBR) consisting 
of 40 pairs of alternating AlAs and A10.5Gao. 5As layers is shown in figure 4.1. The 
thickness of the layers is d= A(n)/4, where A(n) = A/n and n is the refractive 
index of the particular layer at that wavelength. These thicknesses are optimised 
to obtain a high reflectivity around A= ABragg = 650nm which is called the stop 
band. The dips either side of the stop band are due to constructive and destructive 
interference. 
62 
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high reflectivity stop band. 
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If now a cavity is inserted between the DBRs, this is analogous to a defect in a 
1D photonic crystal [89] and so produces a localized state. A dip, called the cavity 
mode, now appears in the high reflectivity stop band. During a measurement of 
the photo-modulated reflectance, the reflectivity is also simultaneously obtained for 
all the angles of incidence as the DC component. In figure 4.2 a measured normal 
incidence reflectivity spectrum of an RCLED wafer with structure S1 can be seen. 
Apart from the cavity this RCLED has the same nominal structure as the modelled 
Bragg stack in figure 4.1. The position of the Acm at 655.5 nm is marked. The R 
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Figure 4.2: The experimental R spectrum of wafer SI for normal incidence. 
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spectrum was obtained for normal incidence. ACM for other angles have also been 
determined and are plotted in figure 4.3. 
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Figure 4.3: ACM positions for various angles of incidence extracted from R spectra. 
The data points are fitted by equation 3.11 as indicated in the graph. The cavity 
mode at normal incidence 
(Acm(O)) and the effective refractive index (n) can be 
extracted from the 
fit. The fit yields a value for ACM(O) - 655nm and n=3.6. This 
agrees well with the measured value of 
Acm(OO) = 655.5nm. 
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4.2.1 Reflectivity calculations 
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The reflectivity of a multilayer structure depends on the dielectric functions of all the 
layers. The total reflectivity spectrum can be calculated by using transfer matrices 
as has been successfully shown for VCSELs [90]. At each interface, between layers 
i and ja proportion of the electric field is transmitted into the next layer (j) and 
a part is reflected into the original layer (i) 
layer i to layer j can be written as 
E-(j) 
-NE 
(4.1) 
where -rij is the transmission coefficient at the interface from layer i to layer j and pji 
the reflection coefficient at the interface from layer j to layer i. Similarly the total 
field transmitted from layer j to layer i is 
The total field Ej+ transmitted from 
Ej+ = Ei+Tij + E37 pj 31 
E, -- - Eýpjj + 
E3-. Tji. (4.2) 
The reflection and transmission coefficients 
(T, P) for each interface can be calculated 
using Fresnel's equations. In figure 4.4 a schematic layer structure is shown. 
EØ)E'E) 
incident 
layer n 19 
kII n2 ,k2 
E (0) 
-Ile 
E-(2) 
ýFN+I) 
N' k Ný substrate layer 
E (_N) 
1 ýý- -0 N+IF- 
OE 
Figure 4.4: Schematic layer structure 
If the fields in positive (Et) and in negative (E, ) z-direction are now combined to a 
vector Ej the transformation 
from layer i to layer j can be described with a transfer 
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matrix T (details of the matrix formalism can for example be found in [91]): 
Ej 
Ej' 
Tii 
Eý pji Eý 
(4-3) 
E3- 
( 
E, -- 
) 
Tj i( pj iI)(E, - 
) 
For the propagation from the left to the right within one layer a phase factor e-'Oj 
has to be added, where Oj = ý-'njdjcos(Oj) accounts for the difference in optical AO 
path length within layer j and the adjacent layer. Here dj is the layer thickness and 
nj the (complex) refractive index of layer j. The propagation can be represented by 
another matrix, a propagation matrix 
0 
Lj 
ei, 3j 
(4.4) 
If t and L are determined for all the layers, the field at the left hand side can 
be calculated with the field from the right side of the layer structure, and all the 
transfer matrices t and propagation matrices L are combined into one matrix ý 
such that 
Eo = TojLjT12 ..... LNTN, N+l EN+1 = 
SO, N+j EN+1- (4.5) 
Finally the boundary conditions EN+1 =0 stating that the applied field is only inci- 
dent in the positive z-direction are applied. The matrix ý of a Iaýyer structure can be 
constructed with the dielectric functions"and the layer thicknesses of the materials. 
The total reflectivity R and the reflectivity coefficient r are related through 
R= Ir 21 =: 
S21 12 
and r= VR-e-'13' 
Isil 
(4.6) 
where Ot is the total phase change. The calculations are performed using a program 
developed by Dr J. Hosea based on the theory as described above [92]. An example 
showing a comparison between calculated and measured spectra for three different 
wafers with 8,11 and 14 top DBR pairs can be seen in figure 4.5. 
In both the measured and the simulated spectra the decrease in the cavity dip width 
with increasing number of top DBRs 
(increasing reflectivity) can be observed. In the 
simulation the only parameter that was changed 
between the three structures was 
the number of top DBR pairs and thus 
ACM is constant for all three calculations. The 
'the wavelength dependent dielectric functions are taken from reference [126] 
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Figure 4.5: Calculated and mea- 
sured spectra of three RCLED 
wafers with 8,11 and 14 pairs of 
top DBRs. The calculations are per- 
formed with the nominal values and 
the shift between the wafers is due 
to growth variation. 
measured spectra however show a shift towards longer wavelength with increasing 
number of DBR pairs. This suggests some drift in the growth conditions, resulting 
in a variation of layer thicknesses between the different wafer 'rowths. 9 
4.2.2 Reflectivity fitting 
The calculated reflectivity can also be used to directly fit the measured reflectivity 
spectra using a least squares fitting procedure [93]. This is a very useful tool as 
one can use fitting to determine the actual layer thicknesses and to compare them 
with the nominal values. This very important piece of information can then be fed 
back to adjust the crystal growth parameters, should there be deviations in the layer 
thicknesses. If done within the growth facility the feedback could be provided within 
hours so that a repeat structure can be attempted before the machine conditions 
have drifted significantly. Figure 4.6 shows both the measured and the calculated 
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reflectivity spectra using the nominal values for one wafer. 
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Figure 4.6: Calculated and measured spectra of wafer J01d. 1n order to compare both 
graphs the experimental data have been scaled-up. 
It becomes clear that, whilst the position of the cavity dip agrees, there are sig- 
nificant differences between the calculated and the measured reflectivity spectra 
indicating deviations from the nominal structure. By fitting the experimental data, 
the reasons for this can be found. The fitting routine uses the nominal layer struc- 
ture but the Al concentration of the A1xGaj_xAs layer, and the thicknesses of the 
DBRs layers and the cavity, as fitting parameters. To obtain stable fits, several are 
obtained for a range of fixed Al concentration in which only the DBR thicknesses 
are varied automatically to give a least squares fit to the measured data. One as- 
sumption of the fitting process is that the DBR pairs within the top and bottom 
DBRs are uniform. A scanning electron microscope (SEM) picture obtained from 
this wafer confirms that this assumption is reasonable. It was also assumed that 
the Al concentration was the same throughout the DBRs. Furthermore, to reduce 
the number of fitting parameters the whole cavity is assumed to consist only of the 
barrier material (AlGaInP) (i. e. the QWs are assumed to have negligible effect 
on the spectra which is a reasonable assumption). This means that only five layer 
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thicknesses for the structure are varied, two for the top DBR pairs and two for the 
bottom pairs. The overall intensity is adjusted by an additional fitting paramter. 
The left graph of figure 4.7 shows the experimental spectra (squares) together with 
a set of best fits (lines) for the Al concentration varying between 48% and 64%. It is 
difficult to visually determine which of the aluminium concentrations gives the best 
fit, hence the mean squared error, X2 ,a measure of the quality of the fit to the data, 
is plotted on the right of figure 4.7 as function of the Aluminium concentration. 
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Figure 4.7: Left: Experimental R spectra together with a set of fits for varying alu- 
minium concentration. Right: X2 parameter of the fits as a function of Al concentration. 
From this it becomes apparent that the best fits are obtained with an aluminium 
concentration between 60% and 62% and not for the nominal concentration of 50%. 
Thus the better fits are the ones between 58% and 63%, where X is. minimized. 
Figure 4.8 shows the layer thicknesses from the fits versus the aluminium concen- 
tration. The thicknesses from the fit are shown in the upper graph of figure 4.8. For 
comparison the nominal values for this structure are plotted in graph 4.8 as lines. 
The layer thicknesses from the fits assuming Al-concent rations in the range 58% 
CHAPTER 4. REFLECTIVITY 
70 
60 
50 
40 
30 
(0 
v bottom AlAs 
* top AlAs 
0 bottom AlGaAs 
E top AlGaAs 
48 50 52 54 56 58 60 62 64 
Al concentration (%) 
200 
U) 
195 
190 
185 
180 
cu 0 
69 
Figure 4.8: Layer thicknesses obtained from the fits versus Aluminium concentration. 
to 63% are closer to the nominal ones than for the other Al contents . The fitted 
DBR thicknesses are within 6% and 10% of the nominal values whereas the cavity 
thickness agrees to 1%. At the same time the bottom layers appear to be - 4% 
thicker than the top layers. This is also observed in the SEM images. Figure 4.9 
shows an SEM image together with an averaged linescan (over 20 lines) plot showing 
the brightness profile of the SEM image. The linescan is obtained from a program 
that extracts the brightness values from the SEM image (in this case these values 
were averaged over 20 pixel-lines). The brighter regions refer to a lower Al content 
6 
(in this case the AlGaAs layers) whilst the AlAs layers appear darker. 
The linescan shown in figure 4.9 shows that, on average, the bottom pairs are - 5% 
thicker than the top pairs. This is in good agreement with the result obtained from 
the fitting of the R spectra. Hence with fitting it is possible predict the difference 
in the layer thicknesses by making reasonable assumptions about the structure. 
Furthermore it can be seen from the fits that it is possible to obtain essentially 
the same R spectra without necessarily having A/4-thick layers. 
Indeed for the fit- 
ted wafer the period of the optical thickness of the AlAs - AIGaAs 
for the bottom 
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Figure 4.9: SEM picture together with a linescan representing the brightness profile of 
the SEM. The SEM and the linescan do not show all the bottom layers. 
DBRs adds up to A/2. The fitting shows that in order to get the appropriate phase 
change, Ot, as defined in equation 4.6 at the cavity mode wavelength, the actual 
cavity length had to be changed by 8% if the deviation from quarter wavelength was 
very high as for the 50% Al concentration. The calculated reflectivitY phases for the 
nominal and the values obtained from the fits with 52% and 60% Al respectively 
are shown in figure 4.10(a). It shows for all different layer thicknesses the expected 
phase change at the cavity mode. Finally the individual effect of the top and the 
growth direction 
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bottom DBRs on photons within the cavity is calculated. The results are shown in 
figure 4.10 (b). 
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Figure 4.10: (a) Phase of the reflectivity calculated according to the nominal and the 
fitted (52 and 60%) layer thicknesses. (b) Top and bottom reflectivity as seen from inside 
the cavity. 
Fýrom figure 4.10(b) it becomes clear that due to its rapidly varying features the 
bottom mirror has the stronger influence in determining the total reflectivity. The 
assymmetry seen for the top mirror is caused by the influence of the air - wafer 
interface. 
4.3 Reflectivity directly on the device 
Generally, the cavity mode wavelength varies slightly across each wafer, and between 
wafers grown in the same growth run, due to non-uniformities of the growth reactor. 
In order to accurately correlate the features in the emission spectrum of a device, 
the cavity mode wavelength is determined by measuring the reflectivity directly on 
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the device itself. This is particularly useful for devices processed from a wafer de- 
liberately grown non-uniformally. To measure the reflectivity, white light passing 
through a pinhole is focused via a microscope lens onto the emitting aperture of the 
device in question as can be seen in figure 4.11. 
CCD camera connected 
to TV screen 
pinhole for 
white 
R measurements 
light 
source bearnsplitter 
microscopic 
lens device emission path/ 
Ae reflected light 
probe positioner 1, ' device 
I current source I pelt temperature Ler I controller 
heat-sink 
optical 
fibre 
Figure 4.11: Probe station set-up used to do reflectivity measurements directly on a 
working RCLED device explained in more detail in the text. 
In order to place the pinhole so that all of the aperture but not the contacts are 
illuminated, an image of the device is obtained using a CCD camera and is displayed 
on a TV screen. The reflected light is collected through the microscope lens and 
focused by means of another lens into an optical fibre to be analysed using an optical 
spectrum analyser (OSA). The light level that is finally collected into the OSA is 
very low and so the obtained reflectivity spectra are noisy. The collection angle is 
reduced to approximately 5'. Together with the possible variation of CM across the 
wafer this leads to a broadening of the CM feature. However, as ACM only changes 
by 0.2nm for this angular variation it can be assumed that the measured dip wave- 
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length corresponds to the normal incidence Acm. Hence this technique provides a 
reasonable measure of where the CM is for a certain device. The set-up is also 
equipped with electrical connections so that bare devices can be probed (electrically 
contacted). The image on the camera also helps to accurately locate and probe the 
devices. Therefore, in addition to the R spectra, the electroluminescence spectra 
can also be measured with the same set-up. In figure 4.12 a typical result from one 
of these reflectivity measurements is shown. 
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Figure 4.12: Normal incidence reflectivity spectrum of a 75ym (Sl) device measured on 
the set-up in figure 4.11. The cavity mode ACM = 659nm. 
As expected the cavity dip is not as sharp as in the earlier presented results of re- 
flectivity spectra from wafers (see for example figure 4.2). However, ACM can still be 
clearly identified and in this case is at 659 nm. This measured device was processed 
from a wafer from the same growth run as the one for which the R spectrum was 
previously shown in figure 4.2. This indicates a shift of 4.5nm between the two 
CM measurements. One would expect a slight difference due to the presence of the 
GaAs cap layer on the wafer (etched away for the device). However, reflectivity 
calculations of structures with and without the cap layer, give a shift of between 
only 0.5nm and Inm. The reason for the experimentally observed shift seems to 
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lie in the variation of ACM between different wafers due to the non-uniformity of 
the growth reactor. In the previous chapter AQw for this device was determined to 
be 650nm. Hence a QW-CM de-tuning for all the devices made from this wafer is 
expected to be about 9nm. 
In a similar way the de-tuning can be determined for the devices processed 
from the wafer with two dissimilar QWs (S2 structure). The R spectrum for a 
751im device is shown in figure 4.13. 
Figure 4.13: Normal inci- _2 
dence reflectivity of an S2 CO 
device (with two dissimi- > 
4- U lar QWs) indicating ACM at 0 
669.5nm. lcm 
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Here the CM wavelength is indicated at 669.5nm. The transition wavelengths for 
the two QWs have been determined in the previous chapter; AQW,, = 654nm and 
AQWb = 642nm. Thus the de-tuning of the devices is 15.5nm with respect to the 
first QW and 27.5nm with the respect to the second QW. Therefore both sets of 
devices differ not only in the number of QW transitions but also in the de-tuning 
with respect to the QWs and the emission wavelength. 
4.3.1 Temperature dependence 
To observe the temperature shift of the cavity mode, the set-up in figure 4.11 is also 
equipped with a Peltier thermoelectric cooler 
(TEC) and a temperature controller to 
vary the temperature in the range of IYC to 75'C . 
Due to the thermal expansion 
of the layers, the CM wavelength increases slightly with temperature. 
The more 
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prominent effect is the increase of the refractive indices of the layers with tempera- 
ture which increases the optical cavity length [80], [94]. In figure 4.14 the R spectra 
of one device at two temperatures can be seen. 
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Figure 4.14: Reflectivity spec- 
tra from a device at 20'C and 
60'C. The shift of ACM is 1.5nm. 
The ACM at 20'C is determined to be (643.5±0.7)nm and (665±0.7)nm at 60'C. 
The 1.5nm shift, which corresponds to a shift of 0.0375nm/degree, is the same as has 
been found in red VCSELs [81]. For a range of wafers, ACM shifts between 1.3nm 
and 1.8nm have been observed between 20'C and 60'C . 
In additon to the cavity mode shift, the QW emission is also temperature de- 
pendent. It not only broadens with increasing temperature but the peak wavelength 
also increases (as the bandgap decreases). To estimate the shift for GaInP a linear 
extrapolation of the shifts of CaP and InP is performed. Using the Varshni equation 
(equation 3.10) and the values for the Varshni coefficients a and b of GaP and InP 
from [95] 1 leads to a temperature shift of - 0.14nm/degree which is about 3 to 4 
times larger than the shift of the cavity mode. This has strong consequences for the 
temperature sensitivity of the devices. This will be discussed in the next chapter, in 
particular for devices with a difference in the initial (at room temperature) QW-CM 
de-tuning. 
1 ai,, p = 0.363meV/K, 
bi,, p = 162K, aGaP = 0.5771meV/K, bGaP = 372K 
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4.4 Conclusions 
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In this chapter theoretical and experimental approaches for finding ACA, have been 
discussed. ACM can be extracted as the main dip in calculated and measured re- 
flectivity spectra. The reflectivity of the multilayer structures investigated here can 
be calculated using transfer matrices. The spectra are calculated assuming nomi- 
nal layer thicknesses and are compared with experimentally determined reflectivity 
spectra. To find the reasons for any discrepancies between theory and experiment, 
the measured spectra are fitted with a least squares fitting algorithm in which layer 
thicknesses and compositions can be varied. Fitting has been shown to be a valuable 
tool for predicting differences in the layer thicknesses. 
The variation of Acm within a wafer and between wafers grown during the 
same growth run, led to the need to develop a technique of measuring ACM directly 
on working devices. With this technique the reflectivity, and thus ACM, can be mea- 
sured for different devices and, with the knowledge of AQw, the de-tuning for each of 
the devices can be obtained. Finally, the temperature dependence of ACM has been 
measured. Compared with calculations of the shift of AQw with increasing tempera- 
ture it has been found that the shift of Acm is about 3-4 times smaller. This leads 
to a strong temp erat ure- induced tuning/ de-tuning effect. The consequences of this 
for the device temperature sensitivity will be discussed in the next chapter. 
Chapter 5 
Effect of cavity mode - quantum 
well de-tuning 
5.1 Introduction 
In contrast to a VCSEL where the wavelength of the light output is entirely deter- 
mined by the CM wavelength, in a RCLED the QW peak position also influences 
the spectral position of the light output due to the lower finesse of the cavity. As 
ACM and AQW vary differently with temperature and ACM varies with the angle, it is 
useful to compare the light output of devices with different relative positions of AQw 
and Acm as a function of angle and temperature. In this chapter the influence of this 
Acm -AQw de-tuning on the performance of the RCLED devices will be discussed. 
One of the important characteristics of device performance is their temperature sen- 
sitivity. AQw and ACM both increase with temperature but AQw moves much faster. 
The different rates have been stated in chapter 4 and [81]. In this chapter a rate of 
change for Acm of 0-0375nm/'C and for AQw of 0-147nm/'C are used in accordance 
with Knowles et al [81]. A positive de-tuning (, AA = ACM - AQW > 0) should help to 
make the devices less temperature sensitive. The maximum efficiency should occur 
when the QW emission peak is centred in the middle of the spectral escape window 
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[96] as then the highest proportion of light produced should be able to leave the 
device. The range of wavelengths (the spectral escape window) that can leave the 
devices lies between ACM(O') and Acm(90') and hence is approximately 30nm for 
the devices investigated here. To allow all wavelengths of an underlying spectrum 
that stretches over 30nm to exit the device it is best if this emission is centred in the 
escape window. This would lead to an optimum de-tuning of 45', which corresponds 
to -15nm for the devices investigated here. This assumes that all of the total light 
output is collected. The FWHM of the QW emission of the devices investigated 
here is -22nm, so more than --, 60% of the emission could already exit the device if 
the QW emission was only 11nm de-tuned. 
In this chapter, the influence of the QW-CM de-tuning on the device perfor- 
mance will be described. Firstly the angular dependence of the light output and thus 
the far field pattern is investigated. For different emission angles ACM changes but 
AQw remains constant. The maximum light output (for a particular cross-section 
and not per unit solid angle) occurs at the angle where both features are aligned. 
This angle indicates the degree of positive de-tuning. Electroluminescence spectra 
for different emission angles help to confirm the expected de-tuning from PR and 
far field measurements. Spectra obtained at normal incidence but with a greater 
collection angle (similar to the collection angle of plastic optical fibre) show the 
influence of the de-tuning on the lineshape, the maximum light output and also the 
difference in the spectral shift with temperature. The effect of different amounts of 
de-tuning on the temperature dependence can be seen on the spectra and also on 
the total light output for temperatures up to 80'C. The main contributions to the 
temperature sensitivity of 650nm RCLEDs, namely carrier leakage and self-heating 
are introduced. The chapter concludes by stating the advantages and disadvantages 
of ACM -AQw de-tuning. 
In order to provide samples that are identical apart from the amount of the 
de-tuning, the devices compared here were processed from a wafer which was de- 
liberately not rotated during the growth. Wafers are normally constantly rotated 
during the deposition of epitaxial layers to achieve uniformity. By not rotating them 
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the thickness of all the layers varies across these wafers. The AQw is not appreciably 
influenced by such small variations but the ACM varies gradually across this wafer. 
Apart from a few exceptions the results presented here are all from devices either 
made from the SI (structural details in the appendix) or the equivalent non-rotated 
wafer. The AQw (assumed to be constant) for the wafer was determined by PR 
and edge-EL as described in chapter 3 to be 650nm at 20'C. The ACMs were then 
measured on the individual devices as discussed in chapter 4. The R spectra will be 
shown together with the EL spectra measured on the same devices in section 5.4. 
The ACMs that were measured at 20'C, varied from 647.3nm and 666.7nm and in 
this and the following chapters the devices will be labelled according to their ACM 
at 20'C. To avoid further complications only devices of one aperture size (70pm) 
were used to compare the temperature dependent light output. 
5.2 Angular dependence - far field pattern 
A measure of the de-tuning can be obtained from the angular dependence of the 
light output. The far field pattern shows the light intensity far from the device. 
One way of measuring the angular response is to mount the device on a turntable 
which can be rotated over 180 degrees and set a small detector that is connected to 
an optical power meter (OPM) -90cm away. A schematic of the set-up can be seen 
in figure 5.1. 
detector aperture device 
emission 
current 
OPM source 
turntable 
Figure 5.1: Se-tup to measure the far field. 
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The numerical aperture (NA), a measure of the maximum acceptance angle, 0, for 
the set-up in figure 5.1 can be calculated as NA = sino = j+== , where r is the vwy+--rT 
radius of the detector and d the distance between the device and this detector. The 
detector used has a 4mm diameter and was placed 90cm from the device giving an 
NA=0.002, and an acceptance cone of 0.3' and thus a very tight angular resolution. 
Hence with this set-up measurements can be made in small steps - 1'. The light 
output as a function of angle can be recorded and plotted on a polar graph as seen 
in figure 5.2. The resulting graph then shows at which emission angle the highest 
intensity occurs. 
tuned 
00 +ve de-tuned 
0.8- 
0.6-- 
0.4-- 
0.2-- 
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Figure 5.2: Far Field pattern for three different devices from different wafers (01 (thick 
dashed line), 02 (thick solid line) and S1 (thin solid line)) measured at 20mA and 20'C. 
If the maximum is significantly away from the normal then one can infer that 
there is a Positive de-tuning by the following argument. The highest 
light output 
will occur at the angle at which Acm and AQW are aligned. 
As ACM(O) varies with 
angle 0 as 11 
Acm(O) = Acm(00) 1- 
sin'O 
2 
(5-1) 
n2 
) 
light output at an angle 0 away from normal 
incidence corresponds to a shorter 
wavelength of 
Acm(O). If now the peak in the far field spectrum occurs at an 
'This has already been shown as equation 3.11 in chapter 3 but is repeated here for convenience. 
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angle away from the normal it means that AQw and ACM are aligned at this angle. 
Therefore the peak wavelength of the QW transition will be at ACM(O), a shorter 
wavelength than the CM at normal incidence (as can be seen from equation 5.1) and 
hence the device will be positively de-tuned. In figure 5.2 three far field patterns 
measured at 20'C with the set-up described in figure 5.1 are shown. The intensity 
is normalised to the peak intensity for each curve and the 0' direction corresponds 
to normal incidence. Together with the far field of one of the S1 devices two more 
devices are shown, illustrating the effect of de-tuning on the far field pattern. The 
device that has its highest intensity at normal incidence is a tuned device (at 20'Q 
and the two with their highest intensity at 45' (device 02) and -35' (device SI) 
either side away from the normal are highly (positively) de-tuned. The exact amount 
of de-tuning for the 01 and 02 devices could not be confirmed independently, as 
no wafers were available to perform PR measurements. However for the S1 device 
a de-tuning of 9nm has been found in chapters 3 and 4 corresponding to a peak in 
the far field between 34 and 36'. This is consistent with the far field pattern. 
These far fields give a first insight into the nature and the amount of the de- 
tuning of the devices. They also help to visualise the effect of de-tuning. To learn 
more about the underlying de-tuning of a device the wavelength dependence of the 
far field shall be considered next. With this method it is possible to more precisely 
quantify the degree of de-tuning for the S1 devices. 
5.3 Angular dependence - EL spectra 
Since the CM wavelength varies with angle as described in equation 5.1, the peak 
wavelength of the light output will also depend on the emission angle 
[97]. To mea- 
sure the spectral, angular dependency, the devices were mounted on a rotation stage. 
A current of ImA was passed through the devices and the resulting 
light output was 
collected from a small solid angle only, using a 
fixed optical fibre, as seen in figure 
5.3. The light output was then analysed by an optical spectrum analyser 
(OSA), 
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which provided a spectral resolution of 0.2nm. Here the NA --, 0.02 as the core dia- 
meter of the fibre is 67pm and the device was -2-2.5mm away from it. 
optical fibre 
OSAE] 
device 
-Tccuurrrrreennt 
ou c Source 
tumtable 
Figure 5.3: Set-up to measure angle dependent EL spectra. 
A spectrum for each emission angle was recorded. The optical fibre used was a stan- 
dard multimode silica fibre and the spectra were internally corrected for the fibre 
and OSA response. The angular dependent EL spectra for one device with a 50Am 
aperture diameter are shown in figure 5.4. 
EL angular dependence 
cz 
-350 
------- 400 ------- 300 
42.50 250 
0 
" l , 0 
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0 0 
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-0 
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Figure 5.4: EL spectra as measured through a section of the emission cone for different 
angles of extraction for a 50ym S1 device from 00 (normal incidence) to 42.5' away from 
the normal. The maximum light output occurs at 35'. The smaller peak at 635nm (in 
the 0' curve) is due to light coming out at a cavity side-dip at this position, as confirmed 
by the R spectrum. 
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It should be noted that the results do not show the total light output at the 
measured angle as only a cross-section was measured with the set-up rather than 
the whole solid angle. The consequence of this will be discussed later. The Acm - 
AQW alignment however, is found from the unnormalised data presented in figure 
5.4. The measured spectra correspond to angles between 0' and 42.5' away from 
normal incidence. The maximum peak intensity (as seen in figure 5.4) occurs at 
an angle of 35' away from the normal. This indicates that the device is positively 
de-tuned as AQW and ACM are not aligned at normal incidence but 35' away from 
the normal. 
In figure 5.5 the EL peak position for all emission angles, as extracted from 
the spectra shown in figure 5.4, together with a fit with equation 5.1, can be seen. 
-, 
660 
E 
c 
655 
Co 650 
cz (1) 
cl- 645 
emission angle (deg) 
Figure 5.5: Dependence of the emission peak wavelength on the emission angle. The 
data points were extracted from the EL spectra. The curve is a fit according to equation 
5.1. 
Clearly the angular dependence of the EL peak wavelength follows the angular de- 
pendence of the cavity mode, as described in equation 5.1. 
This confirms the strong 
influence of the cavity mode on the emission. The fit to the experimental data 
10 20 30 40 50 
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shown in figure 5.5 with equation 5.1 yields n=3.37. The peak emission wavelength 
at normal incidence is at 659.5nm, very close to the cavity mode wavelength. The 
peak wavelength at 35' is (649.9±0.3)nm. This closely relates to the wavelength of 
the peak QW emission of 650nm±2nm as determined by PR (chapter 3). Hence the 
results from the angular dependence confirm the positive de-tuning of the first set 
of devices. 
In figure 5.6 the angular dependence of the spectrally resolved light output 
for two wavelengths 652nm and 659nm, as extracted from the angular dependent 
spectra, can be seen in a polar plot. 
00 loo 
200 
30 0 
0 40 
50 0 
0 60 
Figure 5.6: Polar plot of the 
TII 
light output for two different wave- 1,71 Xý lengths. Here 0' is the direction of 
normal incidence and the increasing 659nm 
angle away from it. 
--- 650nm 
These wavelengths have been chosen as they correspond to the 
Acm(O') and AQW. 
The curve for 650nm reaches a maximum, as expected, at 
35' which further confirms 
the de-tuning and the relation between the angle and the wavelength. 
The peak for 
the 659nm curve does reach a maximum at 0'. The reason 
for this is clear from 
figure 5.4. Although the curve at 0' peaks at 659nm the maximum for 659nm occurs 
for the 150 curve as the total intensity for the curves up to the maximum at 
35' 
increases. 
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The angular dependent EL could be used to identify the underlying QW emis- 
sion [98]. The spectra shown in figure 5.4 do not show the total light output into 
the whole solid angle. In figure 5.7 a sketch of the fraction of the measured light 
output compared to the total light output is shown. 
Measure( 
Figure 5.7: Geometry of the angular 
dependent EL measurements. 
device 
The light output is symmetrical in the azimuthal angle and so the measured light 
output only has to be multiplied by a function proportional to sMO (as for example 
derived in [991). This then takes into account the larger area corresponding to the 
higher angles. Figure 5.8 shows the spectra normalised in this way together with 
the QW emission as measured with edge-EL (see chapter 3). 
In contrast to the angular dependent emission spectra, the edge-EL is mea- 
sured on the wafer and the light collected with a spectrometer. Therefore the total 
light output for both measurements is not the same. To compare them in figure 
5.8 they are normalised to their peak values. It can be seen that the peak position 
agrees very well with the maximum of the angular dependence. There is no sig- 
nificant amount of emission for the angular dependent EL above 659nm as that is 
the longest CM. Hence all the QW emission above 659nm cannot leave the device. 
As there were no measurements performed above 45', there is a deviation between 
the two measurements at shorter wavelength, corresponding to larger angles. These 
effects account for the difference in the width of the two sets of data. 
To summarize, measurements of the far field and the angular dependence of 
the EL spectra have confirmed the relationship between the emission angle and the 
wavelength (as shown in equation 5.1), and have also shown 
how de-tuning affects 
the far field spectra. Far field measurements can be used to confirm if and to what 
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normalised angular dependent emission spectra 
cz 
I w 
Figure 5.8: Normalised angular dependent spectra together with the measured QW 
emission. 
degree devices are positively de-tuned. With the additional information of the peak 
wavelength at different angles, the QW emission peak wavelength can be confirmed. 
For a device processed from the SI wafer, the maximum light intensity occurs at 35' 
with a peak wavelength of 649.9nm which confirmed the findings for AQW = 650nm 
obtained by PR in chapter 3. 
5.4 Normal incidence EL spectra 
To investigate the influence of the QW-CM de-tuning on the device performance, 
EL spectra for the devices with different amounts of de-tuning were measured at 
20mA for different temperatures ranging from 15'C to 70'C. The device aperture 
for all the devices studied here was 70pm. The size dependence of the devices will 
be discussed in chapter 6. 
The measured devices were bare chips that had not been bonded into a pack- 
600 610 620 630 640 650 660 670 680 690 
wavelength (nm) 
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age. This allowed the reflectivitY to be measured on the devices. As the contacts 
were already formed the EL could also be measured on the same probe station set- 
up as described earlier in chapter 4. A schematic of the set-up used to measure the 
light output is shown in figure 5.9. 
probe positioner 
current source 
heating element 
OPM (Lls) 
or 
OSA (EL) 
emitted 
light device 
thermistor 
L-1 r- temperature 
controller 
heat-sink 
Figure 5.9: Detail of the Probe station set-up showing the possibilities of measuring EL 
spectra and LI curves of bare devices. The exact light path is omitted here but can be 
found in figure 4.11 in chapter 4. 
The detail of the set-up shows how the device is contacted. It can also be seen that 
this set-up could be used to measure the EL spectra (with an OSA) or the total light 
output (L) with an OPM. The Peltier cooler, connected to a temperature controller, 
allowed the device temperature to be varied between 15 and 75'C. To be able to 
measure even higher temperatures a heating element connected to a variable 15V 
4A power supply was mounted on the same copper plate as the device. The heating 
element enabled measurements up to 850C to be made. 
The output spectra depend on the relative position and width of the QW emis- 
sion and cavity mode. The QW emission, determined previously by PR, is centred 
at 650nm and has a FWHM of 20nm, as seen in the edge-EL. Three of the R spectra, 
as measured with the probe station for devices with different de-tuning can be seen 
in figure 5.10. In the same figure the corresponding EL spectra for 20 mA all at 
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20T are plotted. 
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Figure 5.10: Reflectivity and 
electroluminescence spectra of 
three devices with different de- 
tuning as indicated (Acm = 
649nm, 656nm and 664nm) at 
20'C with a bias current of 20mA. 
(The dashed lines show the actual 
reflectivity spectra, whereas the 
lines show smoothed spectra 
indicating the main features. ) 
The angle of collection was about 270 for the EL measurements and approximately 
5' for the R measurements. Hence not only the front emission is measured (corre- 
sponding to ACM(O') and thus the light influenced by the normal incidence cavity 
mode), but also any light that leaves the device at any higher angles up to 27'. The 
ACMs of the shown devices are determined from their R spectra to be 649nm, 656nm 
and 664nm respectively. The influence of the cavity mode as seen in the R spectra 
on the EL can be seen quite clearly, as both the width and the peak position of the 
EL are approximately the same as the width and position of the cavity dip. 
The influence of the QW emission on the spectra is more subtle and can be 
understood by comparing the three spectra. The peak position of the EL, in par- 
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ticular for the de-tuned devices, is not exactly at the cavity mode. This can be 
understood by considering that the QW emission peak is blue-shifted with respect 
to ACM for those devices. Due to the high collection angle of the measurements, 
light produced by the QW at a shorter wavelength than Acm that leaves the device 
away from normal incidence will still be measured. The effect of the collection angle 
can be simulated. To simulate the EL spectra the transmission spectra, T, of the 
devices were calculated from the experimentallY obtained reflectivity spectra, R as 
T=1-R. The calculations were done for each angle of 0', 13', 20' and 30'as 
shown in figure 5.11 (a). The experimenally obtained reflectivity was normalised to 
a maximum reflectivity of 85%, which has been obtained from reflectivity calcula- 
tions. 
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Figure 5.11: (a) Measured re- 
flectivity for 0', 13', 20'and 30', 
(b) QW emission obtained from a 
Lorentzian fit of the edge-EL of the 
wafer, (c) resulting simulated EL 
spectrum (c). 
The simulated EL graph in figure 5.11 (c) was obtained by multiplying the trans- 
mission for all four angles with the QW emission as shown in figure 5.11 (b) and 
adding the results together. The QW emission was obtained as a Lorentzian fit to 
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the edge-EL spectrum measured for the wafer in chapter 3. The relatively strong 
emission at longer wavelengths than ACM i. e. the spurious peak at "-'667nm does 
not agree with the measurements. At these wavelengths this relatively simple model 
fails as it gives strong emission if the transmission is high (corresponding to a low 
reflectivity). However, for very low reflectivity values no emission is expected as 
light produced at these wavelengths will not be reflected by the bottom mirror and 
thus will not subsequently emerge from the top of the device. In figure 5.12 the 
spectrum shown in figure 5.11 (c) together with a spectrum for a de-tuned device 
are shown together with spectra where only the reflectivities up to 20' were taken 
into account. In reality the spectra would need to be sampled continously over all 
the angles and so by taking only discrete steps a difference to the real spectra is 
expected. However to illustrate the trend for these measurements this method is 
sufficient. 
up to 200 collected 
Xcm(O') = 649nm 
up to 300 collected 
Figure 5.12: Simulated EL spec- 
tra for two devices with different de- 
tuning at two different collection an- CU 
_j gles. The vertical lines indicate the LU 'a 
peak position and show the differ- 2 CO D ence in the shift between the de- E 
vices. 
.0 
620 
'II 
.Iý, --- 
Xc, (Oo) = 659nm 
630 640 650 660 670 
wavelength (nm) 
The shift between the different collection angles, indicated by the vertical lines in 
figure 5.12 is indeed greater for the de-tuned device (ACM = 659nm) as more light 
is produced off axis. The light produced at higher angles represents also a greater 
fraction of the solid angle as the light produced at normal incidence, which has not 
been taken into account for the simulation. This enhances the effect that a de-tuned 
QW emission peak has on the EL spectrum. For the strongly de-tuned 
device (AcM 
= 664nm) almost all the 
light produced by the QW lies below ACM. Therefore, as 
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can be seen in the angular dependence, the peak of the light output will be away 
from normal incidence and therefore also determined by the CM of the angle at 
which the highest light output occurs. The same argument applies for the FWHM 
of the EL spectra, as for the de-tuned devices most of the light is produced below 
ACM and the spectra will be asymmetric. The de-tuning not only has an influence 
on the line-shape and peak position of the EL spectra but also on the peak intensity. 
Without the influence of the larger solid angle at higher emission angles figure 5.12 
suggests that the intensity for the stronger de-tuned devices will be less for both 
collection angles. However as can be seen from figure 5.12 the light output for the 
de-tuned device increases more for the higher acceptance angle than the tuned de- 
vice. The experimental EL spectra measured with a collection angle of -27' for six 
devices with different de-tuning at 20'C and 20mA are compared in figure 5.13. 
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xcm: 649nm I 
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Figure 5.13: EL spectra at 20mA and 20'C for six devices with Acm (20'C) as indicated. 
The AcMs measured at 20'C are indicated. It can be seen that the maximum peak 
at this temperature does occur for the device that is slightly 
de-tuned (as no de- 
vice with Acm exactly at 650nm could 
be found) - 
The EL intensity drops off for 
the stronger de-tuned devices. Hence, the maximum 
light output at a given tem- 
perature occurs for the 
device which is only slightly de-tuned at that temperature. 
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This confirms the prediction that the maximum light output should occur, when 
the de-tuning corresponds to an emission that is centered in the middle of the es- 
cape window [96]. In this case the acceptance angle was only about 27' and so the 
maximum should occur for a device de-tuned to 13.5'. 13.5'corresponds to a wave- 
length shift of -1.6nm (from equation 5.1). The closest available device to this is 
the one with Acm = 652.7nm, having its emission centred at 18.6'. This device has 
the highest light output at 20'C. However the advantage of the stronger de-tuning 
even for small acceptance angles can be seen in the temperature dependence of the 
devices as will be discussed in the next section. 
5.4.1 Temperature dependence 
Figure 5.14 shows the temperature dependence of the EL spectra in the three graphs. 
Here the EL spectra for the same 6 devices at 20mA for three temperatures (20'C, 
40'C and 60'C, all on the same scale) are shown. 
With increasing temperature, the drop in the EL intensity for the initially de-tuned 
devices (whose emission peaks lie at longer wavelength) is not as significant as for 
the tuned ones. The reason for the decrease in the amplitude and in the integrated 
area of the emission, with increasing temperature can be partly attributed to the 
thermal broadening of the QW emission. As mentioned earlier, the width of the 
EL is determined by the width of the cavity mode. As this does not change with 
temperature (whereas the QW emission width increases linearly with increasing T) 
a smaller fraction of the light produced by the QW leaves the device with increas- 
ing temperature. Thus not only the amplitude but also the integrated light output 
decreases. The maximum light output at 40'C and 60'C occurs for the device with 
Acm(200C) = 656.7nm. If the de-tuning and thus the angle of maximum emission 
for each device at each temperature is calculated using the values 
for the shift of 
AQw and Acm with temperature, it becomes clearer 
for which devices the maximum 
peak in figure 5.14 occurs. 
It is the device that at a given temperature is positively 
de-tuned and whose angle of maximum emission is at half the collection angle 
(13.5') 
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Figure 5.14: EL spectra for the same devices as in figure 5.13 at 20'C, 40'C and 60'C 
for a collection angle of 30'. 
but not less. In other words the maximum light output occurs for a device for which 
Acm(O - 13-5, T)ý! AQw(T). For less de-tuning i. e. when the maximum output 
occurs at an angle below 13.5' a large fraction of that light cannot exit the device. 
For much higher de-tuning a large fraction of the light will be at angles higher than 
27' and therefore can not be collected. 
In the case of a large difference between Acm of two devices the efficiency for 
the device de-tuned at 20'C, will be even higher than that for the tuned device at 
higher temperatures. Compare, for example, the EL spectra for the device with 
Acm = 649nm with the one with ACM = 659nm as shown in figure 5.15. 
Here the EL spectra for the two devices at three temperatures are shown. It can 
be seen that compared to the 649nm device the light output for the 659nm devices 
at 20'C is lower, then approximately equal at 40'C and higher at 60'C. This, and 
the smaller temperature sensitivity, can be explained by considering that light at 
longer wavelengths than the cavity mode (plus a window equal to the half width of 
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Figure 5.15: Temperature dependence of the EL spectra for two devices, one initially 
tuned that becomes negatively de-tuned with higher temperature and one initially posi- 
tively de-tuned. 
the dip on either side) cannot escape the device, it is "cut-off ". As can be seen from 
figure 2.5 and equation 5.1 there are no modes at wavelengths longer than the CM. 
Firstly the light at these longer wavelengths does not get enhanced by the cavity (a 
small amount of emission at these wavelengths is expected as the top DBR reflec- 
tivity is only - 85%). Secondly, as can again be seen by equation 5.1, the longest 
wavelength (ACM) leaves the device at normal incidence. Shorter wavelengths can 
leave the device at higher angles but wavelengths longer than ACM cannot exit the 
device. For the initially tuned device more and more of the QW emission will lie at 
wavelengths longer than the cavity mode as the temperature increases. In contrast, 
for the device de-tuned at 20'C, most of the QW emission is at shorter wavelengths 
than the CM and can therefore escape from the device at higher angles. With in- 
creasing temperature the peak of the QW emission moves towards the CM dip. Only 
after the temperature is increased beyond a temperature at which ACM and AQW 
are tuned does the same temperature sensitivity (as for the initially tuned devices) 
apply since most of the light that is produced by the QW cannot leave the device. 
640 650 660 670 
wavelength (nm) 
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The temperature dependence can also be simulated in the same way as shown in 
figure 5.11 and the results are shown in figure 5.16. To simulate the temperature 
dependence a shift of 0.0375nm/'C for Acm and a shift of 0.147nm/'C for the QW 
was assumed. The QW emission, approximated by a Lorentzian, is calculated to 
broaden linearly with T. 
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Figure 5.16: Simulated EL spectra for the devices shown in figure 5.15 
The figure shows clearly the difference in the temperature dependence between the 
two devices which can therefore be attributed to the de-tuning. Nevertheless the 
light output decreases much less for the simulation. This indicates that there must 
be other loss mechanisms that contribute to the temperature sensitivity. 
In conclusion, measuring the EL spectra at different temperatures (for a fixed 
fibre-like collection angle) provides valuable information about the effect of de-tuning 
on the light output. The maximum light output depends on the de-tuning, the collec- 
tion angle and the temperature. It was confirmed in this section that the maximum 
light output occurs if, for a given temperature, the maximum emission (observed 
in the far field spectra) occurs at half the collection angle. For the collection angle 
used here it was also observed that the stronger positive de-tuning leads to less 
temperature sensitivity as devices tune-in with increasing temperature. 
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5.5 Light current characteristics 
96 
For light-current measurements on the probe station set-up the only change to the 
previous set-up (in figure 5.9) was to replace the OSA by a calibrated 7mm silicon 
detector connected to an optical power meter (OPM) in order to measure the inte- 
grated light output. 
The numerical aperture (NA) of standard PMMA step index plastic fibre with 
a core diameter of 1mm is 0.5. This corresponds to an acceptance/ collection angle 
of 30'. Since the collection angle of the probe station set-up is 27' (NA-0.45), close 
to that of the fibre, predictions for the plastic fibre application can be made. Us 
for a set of devices with different amounts of de-tuning were measured at different 
temperatures and compared. In figure 5.17 the light output at 20mA for eight de- 
vices at five different temperatures are plotted versus their ACM(T). These data are 
extracted from full L-I measurements. 
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Figure 5.17: Total light output at 20mA for 8 devices with different CM-QW de-tuning 
measured at 5 different temperatures. 
The shifts of ACM and AQW with temperature are 
also indicated. 
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The light output is plotted versus the cavity mode wavelength at normal incidence 
and the appropriate calculated shift in Acm with temperature is indicated. The 
position of the QW emission peak for all devices was determined to be 650nm±2nm 
at 20'C. The quantum well position, and its calculated shift with temperature, is 
indicated by the dashed line. From this figure it is apparent that the de-tuning 
of devices changes with increasing temperature as the AQW moves more rapidly to 
longer wavelengths than ACM with increasing T. The decrease of the light output 
with temperature varies between 0.9%/'C and 1.6%/'C for the different devices. 
This confirms the lower temperature stability compared to VCSELs for which val- 
ues between 1.6%/'C and 2.27%/'C are reported [100]. Figure 5.18 shows the actual 
total light output at 20mA and RT (-20'C) of three of the devices shown in fig- 
ure 5.17. The measurements were performed after the devices were bonded onto a 
header and all the light was collected into the same broad area detector. 
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m Figure 5.18: Total light out- 
put at 20mA for three of the de- 
vices shown in 5.17 (after being 
bonded onto a header). The 
data points are extracted from 
full L-I curves measured with a 
broad area detector. 
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From these measurements it can be observed that the light output is higher 
with increasing de-tuning, up to the maximum of -14nm corresponding 
to a cavity 
mode wavelength of 664nm confirming earlier predictions. 
It is now apparent that 
the effect of de-tuning on coupled power 
depends on the NA of the collection. This 
was also observed by 
Oulton et al [99]. Therefore to predict the best de-tuning the 
application and its 
NA have to be considered. If the total light output is measured, 
the de-tuned devices (up to a de-tuning of 
14nm) show the highest light output for a 
648 652 656 660 664 
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given current. If a smaller collection angle is considered, the maximum light output 
occurs for only slightly de-tuned devices (- 2nm). However, the higher de-tuning 
leads to a lower temperature sensitivity. As for the temperature dependence, the 
light output for all devices decreases with temperature. The decrease in the sponta- 
neous emission factor with increasing temperature cannot alone account for the drop 
in intensity, as the comparison between simulated and measured EL spectra in fig- 
ures 5.15 and 5.16 showed. In the next section the main reasons for the temperature 
sensitivity are considered. 
5.6 Influence of carrier leakage and self-heating 
At higher temperatures the QW emission broadens and therefore the peak intensity 
of the QW decreases for the same current density. More importantly, since the width 
of the CM, which does not change significantly with temperature, determines the 
spectral width of the light able to exit the RCLED device, it will select a smaller 
fraction of light with increasing temperature making the device less efficient. As 
seen in the previous section the ACM -AQw de-tuning does weaken the effect this 
has on the light output, as positively de-tuned devices tune-in with increasing tem- 
perature, but cannot fully compensate for it. The reason for this is that there is 
another temperature dependent loss mechanism in devices at these wavelengths. 
These devices suffer, as all 650nm InGaP-based devices from carrier leakage into 
indirect X-minima [101], [102]. Another problem arising from the compact nature 
of the devices is the problem of self-heating. Both of these effects influence each 
other. Therefore in order to de-couple the way in which these processes individually 
influence the device performance they will be considered separately. Self-heating 
will be described first. 
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5.6.1 Self-heating 
99 
The current passed through a device heats it up due to resistive (Joule) heating. 
This is a particular problem for vertical emitters as the active region is very compact 
compared to edge emitters and so any Ohmically generated heat cannot easily be 
dissipated [103]. To minimise self-heating, the device can be driven in pulsed mode. 
The duty-cycle (the ratio of the pulse width to the period between the pulses) for the 
pulsed measurements is chosen so that the pulse width is small enough to avoid too 
much heating but also not too short in case the device cannot respond fast enough. 
The repetition rate also has to be high enough to measure a reasonable average 
output signal. For these measurements a pulse width of Ups at a frequency of 
10kHz, resulting in a 0.1% duty-cycle, was chosen. In figure 5.19 the LIs measured 
under pulsed and c. w. operation are compared at 20'C and 50'C. In the inset of 
figure 5.19 a comparison of two different duty-cycles with c. w. operation is plotted, 
showing that at a duty-cycle of 0.5% heating still plays a role. 
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Figure 5.19: Comparison of Us measured in pulsed and c. w. mode for two temperatures. 
The inset shows a comparison of the c. w. with pulsed operation for different duty cycles. 
To measure the effect of self-heating the pulsed Us 
(for which no heating of the de- 
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vice is assumed) were then compared with the c. w. ones. Pulsed operation with such 
a small duty-cycle will not be used for RCLEDs in any real application, as the light 
output would be too low. However this is a very useful method as it removes the 
influence of self-heating in the device. The light output for the pulsed measurements 
was multiplied by 1000 (as a 0.1% duty-cycle was used) to be comparable with the 
c. w. measurements. For very low currents both curves (at each temperature) are 
similar showing a linear rise of the light output with current. However by 5mA the 
c. w. curves deviate from the linear behaviour. With increasing c. w. current the light 
output increases less and finally saturates. At very high currents the output would 
decrease, once the rate of decrease in q with I becomes larger than the additional 
number of electrons this current can supply (not shown in figure 5.19). This point is 
called the thermal roll-over. At higher currents the pulsed curve also deviates from 
the linear behaviour, suggesting that even in pulsed mode the increasing current 
may lead to some self-heating. The main reason however for the reduction is at- 
tributed to carrier leakage which increases with current and leads to a sub-linear LI. 
Figure 5.20 compares the current that is needed to achieve a constant light output 
for one device under pulsed and c. w. operation. For lasers, measuring the variation 
of threshold current with temperature gives insight into the temperature variation 
of the underlying recombination mechanism. In the absence of a threshold in an 
LED, a similar analysis may be performed by measuring the variation of current 
required for a constant light output as a function of temperature. 
The higher current required for the c. w. operation is due to self-heating 
whereby the active region becomes considerably hotter than the heatsink. The 
percentage of current required to compensate for the heating can be estimated from 
figure 5.20. At 20'C - 10% extra current is required to maintain the same constant 
light output. At 70'C the percentage of the current due to self-heating has reached 
- 50%. Nevertheless as there is no threshold to achieve in RCLEDs the 
devices con- 
tinue to operate at high temperatures. This is a considerable advantage over visible 
VCSELs for which there are a few reports of c. w. operation at high temperatures: 
642nm-678nm RT [104], 690nm 45'C [105], 657nm 60'C [106] and 667nm 80'C [100] 
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Figure 5.20: Current needed to achieve constant light output for pulsed and c. w. oper- 
ation indicating the amount of self-heating. 
for which the slightly longer wavelength means that leakage should play less of a 
role. 
The difference in the temperature of the heat sink between the same c. w. and 
pulsed current required to achieve a constant light output can be used to determine 
the degree of self-heating, as indicated by the arrow in figure 5.20. With the help 
of the curves in figure 5.20 the actual temperature of the active region under c. w. 
operation can be estimated. The current of 11.5mA needed for a given light out- 
put at 64'C in c. w. operation is equal to that at 80'C in pulsed mode. Hence the 
actual temperature of the active region at a c. w. current of 11.5mA can reasonably 
be assumed to be 160C higher than the ambient temperature and this difference is 
due to self-heating of the device. In figure 5.21 this temperature difference between 
c. w. and pulsed operation for three devices with different de-tuning (-Inm, +6nm 
and +9nm) is plotted as a function of current. 
The slope of the three linear fits to the data decreases with increasing pos- 
itive de-tuning. It is 1.37±0.03'C/mA for Acm = 649nm, 1.06±0.02'C/mA for 
CHAPTER 5. CAVITY MODE QUANTUM - WELL DE-TUNING 102 
22 
20 
18 
16 
14 
increasing e-tuning 
-. 0. 
de-tuning at RT 
nm 
0 +6nm 
+9nm 0 
00 0 
0 
0 
0 
CD 
0 
02468 10 12 14 16 18 20 22 
current (mA) 
12 
10 
8 
6 
4 
2 
n 
Figure 5.21: Internal temperature rise, AT, extracted from the difference between the 
device temperature for c. w. and pulsed operation for three devices with different de-tuning 
as indicated in the figure. 
Acm = 656nm and 0.97±0.01'C/mA for the device with Acm = 659nm. This re- 
confirms the lower temperature sensitivity for the more positively de-tuned devices. 
The reason for the linear variation of AT with I is due to the fact that the heat- 
ing of the device is proportional to the electrical power (P) input to the device. 
Pheat ý IV - P,,, t and P,,, t for all three devices is less than 1mW in that current 
range. This is equivalent to a power conversion efficiency of approximately 1-2% 
and hence the amount of P,,, t has negligible effect on Pheat. As V is approximately 
constant (, 2V), the power increases linearly with I and hence so does AT. The 
increase in AT is considerably less than in typical red VCSELs, where a value of 
14.5'C /mA is reported [103]. This is mainly due to the much smaller device aper- 
ture (, 14pm) of the VCSEL suggesting that AT, and the increase in it, decreases 
with device aperture diameter. The size dependence of self-heating will be discussed 
in the next chapter. 
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Self-heating also leads to a current dependence in the efficiency as be seen in 
figure 5.22 where the external quantum efficiency ? 'Ieqe is plotted for the three differ- 
ent devices at four temperatures. ? 7eqe is defined as the number of photons emitted 
from the device per electron injected i. e.: 
? 7eqe 
light output xe 
Ix photon energy' 
(5-2) 
where I is the current passed through the device, e the electron charge and 1.907eV 
(equivalent to 650nm emission) is taken as the photon energy. 
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Figure 5.22: External quantum efficiency for three different devices at four different 
temperatures. 
At 70'C the 664nm device is more efficient than the 649nm device only at currents 
higher than 16mA. In figure 5.22 it can also be observed that the current dependence 
is stronger for the initially tuned device (here the 649nm device). The maximum 
efficiency (at -2mA) for the 649nm device is 2.3 times higher than the value at 
30mA at 20'C. For the other devices this ratio is lower i. e. 2.1 for the 656nm and 
T= 70 0C 
0.00 L 
0 
1.6 for the 664nm device. This difference in the current dependence of the devices is 
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also due to self-heating. For the initially de-tuned devices, self-heating helps to tune 
them. The self-heating acts like an increase in the substrate temperature. Thus the 
light output decreases and the QW and CM shift to longer wavelength. If they are 
positively de-tuned at the ambient temperature, the self-heating brings them closer 
together. This is the reason why the efficiency of the de-tuned device decreases less 
strongly with increasing current compared to the tuned devices as seen in figure 
5.22. 
Ohmic self-heating is one of the factors that limits the device performance. The 
increase in the temperature of the active region enables other temperature induced 
losses to occur. Conversely self-heating helps de-tuned devices to tune in and thus 
makes them less temperature sensitive. 
5.6.2 Leakage 
Self-heating and the decrease of the spontaneous emission factor with temperature 
cannot account for all of the temperature induced decrease in efficiency. As will be 
discussed next, leakage plays a major role. The reason for carrier leakage in these 
devices can be seen in the bandstructure. Figure 5.23 shows a calculation of the 
conduction band alignment illustrating the F and one X conduction band minimum 
near the QW active region. The calculation is for the SI RCLED structure (appendix 
A. 1. ) and is calculated for a current density of 520A/CM2, which corresponds to a 
bias of 20mA for a 70/-tm diameter device. The band structure and Fermi energy 
displayed in figure 5.23 have been calculated using a program by Dr A. Onischenko 
based on a drift diffusion model (DDM) [107]. 
A possible leakage path is indicated by the curved arrow marked e-. This 
assumes that the carrier transfer to the X-minimum in the confining layers is the 
main contribution to leakage [102]. This is a particular problem as the effective 
mass of the X-minima are very large relative to the mass of the F-minimum leading 
to a large density of states. In addition to that there are 6 equivalent X minima 
compared to only one r minimum. Electrons moving 
from the n to the p side may 
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Figure 5.23: Detail of the conduction band alignment under forward bias, corresponding 
to 20mA for a 70[Lm device, showing the close proximity of the indirect X-minima which 
causes the carrier leakage. Ef is the Fermi energy and the difference between the energy of 
the X-minimurn of the cladding and this Fermi energy is defined as the leakage activation 
energy E, 
thermionically achieve enough energy to overcome the potential barrier from the IF 
into the X minimum. The probability of this increases as exp -Eg where E,, describes kT I 
an activation energy, which is also marked in the figure. The activation energy is 
defined as the difference between the conduction band quasi Fermi level and the X 
minima in the cladding. For a 70jim device under 20mA bias at 27'C the activation 
energy calculated by the program is E,, = 280meV. With increasing current i. e. 
increasing carrier density the Fermi level (Ef, ) rises and thus the activation energy 
decreases. Therefore the density of carriers in the X-minima will increase not only 
with increasing temperature but also with increasing current 
density. As the X- 
minima are indirect, the probability of radiative X transitions 
is very low (and 
would also occur at a wavelength away 
from ACAI). Thus most of the electrons 
will recombine non-radiatively via phonons, or recombine via 
defect states at the 
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contacts. Consequently, the higher the temperature, the more electrons have to be 
pumped into the active region in order to produce photons. 
The effect of this can be seen in the LI curves. In figure 5.24 the current 
required to achieve a constant light output with increasing temperature is shown. 
The data points are extracted from full L-I curves measured at 2'C intervals. 
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Figure 5.24: Current needed to achieve a constant light output for four different devices 
(AcM at 20'C is indicated) vs temperature. 
Again, devices with different amounts of de-tuning (the Acm as it was measured for 
20'C is indicated) are shown. The observation of a lower temperature sensitivity 
for the initially stronger positively de-tuned devices can be made here as well. For 
these devices more current is needed at lower temperatures, but as the temperature 
increases, less current is needed than for the initially tuned ones. In this temperature 
range, the 664nm device (filled diamonds in figure 5.24) requires less current than 
the 649nm device above 62'C, and as the 653nm device above 69'C and it will 
probably need less current than the 656nm device at temperatures above 80'C as 
well, but operating temperatures for most applications would be below 80'C. The 
influence of the de-tuning can be seen in the previously observed lower temperature 
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dependence of the de-tuned devices. This is mainly due to the fixed collection angle 
of - 30' and the difference in the far field spectra. With this collection angle, 
light up to 7nm - 8nm away from Acm(O') is measured. For the 664nm device 
this means that the peak of the emission situated at AQW is not measured for low 
temperatures and thus more current is needed for this device than for the three 
others for which the QW emission falls within the collection angle. With increasing 
temperature more and more light is collected for the de-tuned devices making them 
less temperature sensitive. The overall influence of carrier leakage, which can be 
seen in the exponential increase of the current, is still prominent for all devices. To 
obtain a more quantitative description of the leakage, the data in figure 5.24 may 
be fitted with the following equation that describes the temperature dependence of 
the current. 
I= bT+ 
D 
exp 
( Ea 
kT 
(5-3) 
where the first term is an approximation for the temperature dependence of the ra- 
diative recombination and the second term describes the temperature dependence of 
the leakage current. Figure 5.25 shows the pulsed data for the approximately tuned 
device at room temperature fitted according to equation 5.3. This pulsed data is 
used rather than the c. w. data in figure 5.24 to eliminate the self-heating effect. 
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to equation 5.3 to the at 
room temperature tuned de- 
vice. 
The activation energy of 350±40meV 
determined from this fit is comparable with 
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for GaInP-based visible QW lasers [108]. From the DDM program, values be- 
tween 250 and 380meV are extracted for the activation energy corresponding to 
current densities between 50 and 250OA/cm 2, decreasing with increasing current 
density (as this increases the Fermi level). Hence the activation energy in figure 
5.25 also depends on the current range and it will also be influenced by the initial 
and temperature- induced de-tuning. 
The quantitative contribution that leakage plays in the increasing of the cur- 
rent required to maintain constant light output has to be investigated. To do this 
the variation of the current with temperature is simulated using the DDM program 
[107]. A schematic flow diagram of the operation of the DDM program can be seen 
in figure 5.26. 
Input: material Parameters: 
Ej-, Ex, Mh, Me, 
device (layer) structure, 
recombination parameters 
Set V 
Figure 5.26: Diagram describing 
the program based on the drift dif- 
fusion model. 
Solve differential equations 
based on Poisson's equation: 
EV2U = q(n -p-N.,, ) 
and the current continuity 
equations: VJ,, = qR 
VJp = qR 
no 
Converge? 
yes I- 
Calculate n, J and Jrad: 
-0 
-0 
For all the devices, the theoretical proportion of 
the radiative current can be calcu- 
lated and is compared with the measured results, as shown 
in figure 5.27. Here the 
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calculated radiative current together with the experimental results for pulsed and 
c. w. operation are plotted for the 664nm device. 
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Figure 5.27: Calculated leakage current for achieving a constant light output together 
with the experimental currents measured under pulsed and for completion also the c. w. 
operation for the device with ACM (20'C)=664nm. 
The radiative current required for a specific light output is calculated with the 
DDM program, by fitting to the measured pulsed current density to isolate the leak- 
age from self-heating effects. The DDM model allows the various current paths and 
energy/carrier profiles to be calculated. The radiative current density calculated 
from the program increases approximately linearly with temperature confirming the 
assumptions made in equation 5.3. This ideal situation assumes no self-heating and 
no leakage. For all devices the percentage of the leakage current starts below 5% at 
20'C but reaches almost 50% at 80'C. 
Combining this with the previously calculated ratios of the self-heating to the 
total current, it can be concluded that the contribution of the radiative current is 
already less than 50% of the total injected current above 
60'C. However it is im- 
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portant to note that these two factors cannot easily be separated, as particularly at 
higher temperatures, self-heating will lead to more leakage. 
5.7 Conclusions 
The effects of QW-CM de-tuning on the device spectra and on the light output 
characteristics have been investigated. The temperature dependent EL and LI mea- 
surements on devices with different amounts of de-tuning have shown that more 
strongly positively de-tuned devices are less temperature sensitive, when a collec- 
tion angle of approximately 30' is assumed. This can be understood in terms of the 
QW tuning-in with increasing temperature and therefore weakening the effects of 
other temperature induced losses. The tuning-in is due to the different temperature 
dependencies of ACM and AQW. In positively de-tuned devices AQW < ACM. AQw 
increases 3 to 4 times faster than ACM, so the two wavelengths converge with in- 
creasing temperature. 
Far field spectra reveal a cross-section through the angular dependence of the 
light output. Tuned devices have their maximum light output into the forward di- 
rection, whereas positively de-tuned ones show a two lobed output. The maximum 
light output is found at the angle where Acm and AQw are tuned. The angular 
dependence of the EL spectra shows that the spectral peak of the emission is de- 
termined by Acm(O). If the total light output is calculated, the overall peak agrees 
with edge-EL spectra measured earlier and described in chapter 3. 
With a collection angle of -27', that was chosen to simulate the coupling into 
a plastic fibre, the maximum light output at 20'C occurred 
for devices with a de- 
tuning between 0 and 3nm. The maximum light output and temperature sensitivity 
depend strongly on the collection angle. It has been confirmed that the maximum 
light output for a given temperature occurs 
for a device in which the QW emission 
peak falls in the middle of the escape 
(collection) angle. Assuming a collection angle 
of 27', a compromise 
between high light output and low temperature sensitivity has 
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to be found. For the operating range of up to 80'C it can be calculated that a device 
positively de-tuned by 4.5nm (at 20'C) will have the highest light output at 80'C. 
Devices with stronger de-tuning will show less temperature sensitivity but will show 
lower light output for all operating temperatures. 
The most important loss mechanism is carrier leakage into the indirect X- 
minima which accounts for almost 50% of the current at 80'C. An activation energy 
for leakage of 350meV has been found agreeing with other published values and the- 
oretical calculations. The compactness of the active region of these devices leads to 
Ohmic self-heating. The combination of this with leakage in the devices is responsi- 
ble for the strong temperature dependence that ultimately cannot be compensated 
for by de-tuning. Nevertheless, operation at temperatures of over 80'C have been 
observed which confirm the thermal performance advantages of RCLEDs over VC- 
SELs at the same wavelength. Another advantage over VCSELs is the lower increase 
in self-heating dATIdt = 1.40C/mA for the initially tuned device. For an operating 
current of 20mA a light output of approximately O. 1mW is observed at 70'C for a 
collection angle of 270. This corresponds to between 25-50% of the output at 200C 
depending on the original de-tuning. 
For tuned devices self-heating decreases the light output and thus increases 
the temperature sensitivity. For de-tuned devices, self-heating acts like an increase 
in the ambient temperature, thus helping the de-tuned devices to tune-in resulting 
in a lower temperature sensitivity. 
Chapter 6 
Influence of top DBRs and 
aperture size 
6.1 Introduction 
The top mirror reflectivity can be optimised to achieve the highest light output for 
coupling into an optical fibre [50]. If the top reflectivity is much lower than the 
bottom reflectivity the device acts like a conventional LED. Thus it would not have 
the high directionality of the light output that is needed for fibre coupling. Also, 
the enhancement of the spontaneous emission, that can be achieved by the bottom 
mirror alone, if the QW is very close to the mirror [35], will not be as high if the 
top mirror has a very low reflectivity. If the top and bottom reflectivity both equal 
unity, all the light gets reflected back and forth and no light can leave the device. 
In this chapter the general influence of the top DBR reflectivity on the light output 
shall be investigated. 
In the previous chapter it was suggested that the size of the current/ output 
aperture could play a role particularly in the temperature dependence of the light 
output. This will also be investigated in this chapter. For a given current the current 
density is higher in a smaller device, which will thus behave differently from a larger 
112 
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one. To find out about any intrinsic size dependencies the effect of the size of the 
devices at the same current density will also be investigated. 
6.2 Dependence on number of top DBRs 
To measure the influence of the top reflectivity, devices were processed from three 
different wafers with 8,11 and 14 top DBR pairs. The number of bottom DBR 
pairs was 32 in all cases and the rest of the structure was also nominally identical 
for all three wafers which all had two QWs. The structural details for these wafers 
can be found in appendix A. 4. For all these wafers the two QW positions were 
kept constant and were measured by edge-EL and PR to be at 651nm and 640nm 
respectively, as discussed in chapter 3. In figure 6.1 the reflectivity spectra for these 
three wafers as measured are shown. 
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Figure 6-1: Measured normal incidence reflectivity spectra of three RCLED wafers with 
81 11 and 14 pairs of top DBRs. In all other respects the structures are nominally 
identical. 
Three features can be seen. The total reflectivity is higher for the wafer with 
14 top 
DBR pairs. The width at half the 
depth of the dip decreases from 2.9nm for the 
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wafer with only 8 pairs to 2nm for the one with 11 pairs and finally to 1.4nm for the 
one with 14 DBR pairs. The shift of the cavity mode (from 643.5nm and 647nm to 
649nm) with increasing number of DBR pairs as already been observed in chapter 
4 is due to non-intended changes between the growth of each wafer. 
In order to avoid measuring again the effect of different QW-CM de-tuning, 
but only the influence of the top reflectivity, devices with the same cavity mode 
have to be found. The cavity mode varied slightly across the wafers. With the help 
of reflectivity measurements on the devices as described in chapter 4 devices from 
the three wafers with the same ACM could be chosen. As the variation of AQW is 
expected to negligible, devices with the same de-tuning but different number of top 
DBRs could be chosen for the comparison of their light output. 
6.2.1 Elect ro luminescence spectra 
In the electroluminescence spectra (figure 6.2) one can observe a difference in the 
FWHM for the devices with different numbers of top DBR pairs. The EL spectra 
were obtained at 20'C and 20mA for 70[im diameter devices. The observed FWHM 
of the spectra results from a combination of the effect of the width of the cavity dip 
and the collection angle. 
The collection angle accounts for 6nm of the observed EL broadening as all the light 
up to an angle of 27', corresponding to Acm(27')-652nm, from normal incidence 
was collected. The initial width of the CM dip, which is different for the three 
structures, is responsible for the additional broadening and thus greater for the 8 
DBR device. The width of the intrinsic QW emission is much broader than the CM 
dip for all currents and thus its broadening with current density has no influence 
on the FWHM of the EL spectrum. The spectra shown in figure 6.2 all have their 
ACM at 658nm but it can be seen that their emissions all peak somewhat below 
654nm. The reason for this offset, as discussed in the previous chapter is due to the 
QW/CM de-tuning (here 7nm) and the large collection angle of the set-up. 
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Figure 6.2: EL spectra for three devices with 8,11 and 14 top DBRs at 20'C and 
20mA. ACM = 658nm at 20'C for all devices determined by reflectivity measurements on 
the devices directly. 
6.2.2 Light-current characteristics 
The light current characteristics of three devices with 8,11 and 14 top DBR pairs 
and a ACM of 658nm at 20'C have been investigated with the same collection angle. 
Thus at room temperature the devices are all positively de-tuned by 7nm with 
respect to the first and 18nm with respect to the second QW. Figure 6.3 shows the 
light output versus current measured with the probe station set-up for the three 
devices at four different temperatures. 
There is little difference in the LI characteristics between the three devices. Benisty 
et al [35] suggested a way to calculate the critical number of pairs, p"t, to gain 
most of the attainable extraction into a specific fraction of the solid angle defined 
by the NA = sZnO: 
p crit 
n In 
4nAn) 
2, An 
( 
sin2o 
(6.1) 
For this material system this suggests an minimum of 13 pairs for the optimal 
emission into a NA of 0.5. This is assuming n =: 
(n, + n2)/2 with n, == 3.5 (for 
CHAPTER 6. INFLUENCE OF TOP DBRS AND APERTURE SIZE 
Xcm - 658nm 
ca 
. 6-0 
=3 
CL 
0 
D) 
ö UbKS 
1 DBRs 
14 DBRs 
0 . oe 
0 wo 
00', 
' 
-- 
. -. r. «: 
--- 
.Z, 
M........ 
150C 
350C 
550C 
75 Oc 
5 10 15 20 25 30 
current (mA) 
116 
Figure 6.3: Light output versus current for three devices with different numbers of top 
DBRs but same amount of de-tuning for four different temperatures (Acm = 658nm, 
AQwl = 651nmj AQW2 = 640nm). 
the AI0.5Ga0.5As layer) and n2= 3.1 (for the AlAs layer) and An = nj - n2. This 
would suggest that the 14 DBR device would be more suitable for coupling into a 
fibre with a NA of 0.5. This is confirmed by comparing figure 6.4 which shows the 
total light output (measured using a broad area detector) for the three in devices 
figure 6.3 at RT. The coupling, can be calculated as the ratio between the light 
output into the collection angle of 27' to the total light output. This is higher for 
the 14DBR device particular at higher currents. This confirms (from equation 6.1) 
the higher predicted coupling for the 14DBR device. 
These measurements were performed at room temperature after the devices had been 
bonded onto TO-cans. As there is no effective heat-sinking or temperature control 
the roll over occurs at a lower current than for the bare devices shown in figure 
6.3 (which were measured on the probe station with a heat-sink and temperature 
controller). However although showing the expected trend of the higher coupling 
for the 14DBR device the difference in the light output between the three devices is 
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Figure 6.4: Total light output for the three de-tuned devices with different number of 
top DBRs shown in figure 6.3. 
not very significant. 
6.2.3 Temperature dependence 
All of the devices studied here are for operation at 20mA, which is the standard 
current used by most LED manufactures to quantify devices and also the current at 
which LED data drivers are designed to run. A current of 20mA is a compromise 
between being low enough to minimise power consumption and high enough to allow 
stable operation. The variation of the light output with temperature into a NA of 
0.5 at 20mA, can be extracted from the full L-I curves. This is shown in figure 
6.5, which compares devices with different number of top DBRs and devices with 
different de-tuning. 
In addition to the 3 devices with ACM = 658nm (shown in the last two graphs) 
two further devices, an 8 and an 11 DBR device with ACAI = 652nm are shown. 
These two devices have therefore an almost negligible de-tuning, of about Inm with 
respect to the first QW, and 12nm with respect to the second QW. Figure 6.5 shows 
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that the temperature dependence is almost exclusively determined by the amount 
of de-tuning and not by the number of DBR pairs. As seen in graph 6.3 the device 
with 14 DBR top pairs shows a stronger temperature dependence than the devices 
with less top DBR pairs. However, compared to the effect of the de-tuning this is 
almost negligible. 
Overall it can be said that the variation in the top reflectivity between 8,11 
and 14 DBR pairs has only a small effect on the intensity and spectral form of the 
light output for a fibre-like collection angle of 27' as considered here. It was found 
that there is no difference in the temperature sensitivity for these otherwise identical 
devices. 
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6.3 Size dependence 
To investigate the size dependence, devices were measured with different current and 
equivalent output apertures. The current apertures were defined by ion implantation 
and each device was fabricated with an output aperture according to the current 
aperture. The diameters that were available for investigations were 25pm, 50Am, 
70pm, 100pm, 150pm and 200pm. Figure 6.6 shows images of the bare devices 
indicating the output diameter. 
ý 100[tm 
Figure 6.6: Pictures of the devices showing the different size apertures. All the devices 
are 600jim x 420ym. 
This shows not only the different sizes but also the difference in the contact design 
between the three small and the three larger devices as will be discussed later. 
The devices were all processed from the SI wafer which has a single QW emission 
at 650nm (structural details can be 
found in apppendix A. I. ). The devices are 
therefore identical apart from the aperture size. 
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6.3.1 Elect roluminescence spectra 
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The EL spectra were measured for all the different device sizes and at different 
current densities with the set-up described earlier in figure 5.3 at normal incidence 
without changing the angle as seen in figure 6.7. 
optical fibre 
OSA 
z device 
"ýýcurrent 
source 
Figure 6.7: Set-up to measure normal incidence EL spectra of packaged devices. 
Hence the measured EL spectra should only show the normal incidence contribu- 
tion. However as the cavity finesse is not infinite the light at normal incidence is not 
purely determined by Acm(O'). The resulting EL-spectra are shown in figure 6.8. 
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Figure 6.8: EL spectra for different device sizes for various indicated current densities. 
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For all devices there are two peaks in the spectra at 649nm and 659nm. These 
correspond to ACM at normal incidence (659nm) and the peak of the quantum 
well emission (650nm), respectively. At smaller currents and for the larger devices 
(smaller current densities), the quantum well peak at 650nm is more prominent 
than the peak corresponding to the normal incidence cavity mode wavelength at 
659nm. The current density at which both peaks are at approximately the same 
height increases with the aperture size. One reason for this is the difference in the 
effective collection angle between the devices. At a distance of 2mm from the fibre 
light leaving the 200/-tm device at an angle of up to 6' is all collected by the fibre. 
To eliminate the influence of this fibre coupling efficiency, measurements of the 
spectra were performed with all light collected into an integrating sphere before be- 
ing passed into a spectrometer. Figure 6.9 shows a comparison of the front emission 
(coupled into a fibre) and the total emission collected with an integrating sphere at 
20mA for two devices. 
It is apparent from figure 6.9(b) and the inset, which shows the normalised spectra, 
that the shape, including the FWHM, of the total emitted spectra do not depend on 
the aperture size. The intensity for the larger device at the same current and thus 
the efficiency is higher than for the smaller one. The difference in the spectra seen 
in figure 6.9(a) and also in the four graphs of figure 6.8 must be due to the different 
coupling into the fibre suggesting that smaller devices show a higher directionality 
and would therefore be more suitable for coupling into fibre. 
The peak wavelength for the integrated spectra is 648.5nm, which is compa- 
rable to the peak wavelength of 649nm as measured with the angular dependence 
into the total solid angle, previously shown in figure 5.8 in chapter 5. Both methods 
show that the peak wavelength of the total light output occurs at slightly shorter 
wavelengths than AQw due to the higher solid angle at higher emission angles cor- 
responding to shorter wavelengths. 
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Figure 6.9: Comparison of the total spectral light output and the front emission at 
20mA for a 100ym and a 200pm device. 
6.3.2 Light-current characteristics 
The light current characteristics (LI) were measured for all the available device sizes 
over a range of temperatures. Figure 6.10 shows the Us at 25'C together with 
the external quantum efficiencies, Tleqe i 
(calculated from equation 5.2) over a current 
range of 0-20mA. The devices were packaged into TO-cans and the total light output, 
over the whole solid angle, was measured with a large area detector. 
For a given current above 7mA it is clear that the light output and also the efficiencies 
are higher for the larger devices. Also there is a noticeable difference in the shape of 
the 77eqe versus current relations between the three small and the three larger devices: 
the maximum of the efficiency occurs at lower currents for the three smaller devices, 
and decreases more quickly with increasing current. The former effect is probably 
due to the difference in the contact design (as shown in figure 6.6). The faster 
(juu rizu 64U 660 680 700 
(b) wavelength 
(nm) 
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Figure 6.10: LI-curves and external quantum efficiencies for 6 different device sizes at 
25'C. 
decrease0f 71, q, at higher currents for the smaller devices suggests that non-radiative 
and self-heating effects are more predominant in smaller devices. The spoked contact 
over the aperture for the three larger devices (as seen in figure 6.6) obscures some of 
the light. Hence at low currents, the efficiency appears to be higher for the smaller 
devices. In figure 6.11 the efficiency has been corrected for this effect. 
The correction was made by assuming that the light is generated uniformly across 
the injected area but only that generated in the un-obstructed area is collected. This 
graph shows that larger devices are now more efficient for all currents. 
To find out if there is an intrinsic size dependence, the external quantum 
efficiency for all the device sizes is plotted as a function of the current density as 
shown in figure 6.12. Here the data taken from pulsed measurements, which allow 
higher operating currents and thus more overlap between different device sizes, is 
plotted taking the obstruction of the contacts into account. 
Figure 6.12 clarifies the reason for the different contact layouts for small and large 
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Figure 6.11: LI efficiency corrected for the obstruction due to the contacts in the larger 
devices. 
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Figure 6.12: ? 7eqe (corrected for the contact geometry) for the same six devices under 
pulsed bias and versus current density. 
devices: the extra contact ring on the larger devices has been added to improve the 
current spreading. Since the 70pm device does not have an extra ring the current 
does not spread uniformly and consequently the efficiency is not much above that 
of the 50yrn device. In figure 6.12 it can be seen that apart 
from a quite long 
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0.0 
CHAPTER 6. INFLUENCE OF TOP DBRS AND APERTURE SIZE 125 
"turn-on" region, the three larger devices lie along the same path. The smaller 
devices show slightly lower efficiencies than the larger ones. This may be due to two 
reasons. Firstly, the improved current spreading could make the larger devices more 
efficient. It could also suggest that there is some photon recycling [38] occurring in 
these large devices as has been reported by De Neve et al [109] for InGaAs-based 
RCLEDs. The reabsorption of photons and thus the photon recycling should become 
more prominent in larger devices as a larger lateral distance for photons to travel in 
the device increases the probability of reabsorption [110]. However as the efficiency 
is not increasing from the 100ym to the 200/-tm device it is concluded that there is 
no photon recycling. Finally any error in the alignment of the mask for the implant 
and for the output aperture will have a greater effect on the smaller devices thus 
leading to lower efficiencies. The overall decrease in efficiency with current density 
(after the initial rise for all devices) is due to two main causes. With increasing 
current density the initial emission spectrum broadens and so overlaps less with the 
cavity mode extraction window. At the same time, leakage currents and self-heating 
increase, making the devices less efficient at higher current densities. 
For comparison the external quantum efficiency for devices processed from a 
different wafer (J02) are plotted in figure 6.13. 
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Figure 6.13: Normalised 
? 7eqe versus current density 
for the four different device 
sizes processed from the J02 
wafer. 
The main difference between these two sets of 
devices lies in the contact structures, 
as seen in figure 6.14, where 
two 100pm devices are shown. 
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Figure 6.14: Difference of the contact 
design for the large devices of S1 and J02 
design to improve the current spreading. 
Here shown for two 100/-tm devices. For 
the S1 devices there is only one contact 
ring, whereas the contact for the J02 de- 
vices consists of a honeycomb structure. 
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The J02 devices all have a honeycomb contact structure (apart from the two small 
aperture devices, 25 and 50/, tm). In contrast, the three larger S1 devices have only 
one extra annular contact. The hexagons are the same size for all J02 devices and 
simply increase in number with device size. Hence there should be little difference 
in current spreading for the different device sizes as shown in figure 6.13. All device 
sizes have the same efficiency at high current density, so no evidence for photon 
recycling effects can be observed. 
6.3.3 Temperature dependence 
The maximum external quantum efficiency for the different size devices as a 
function of temperature is shown in figure 6.15. The current at which this occurs, 
I (71max) 
i which 
is not varying significantly with temperature, rises for the larger de- 
vices and is also indicated. I(T/max) is approximately inversely proportional to the 
device diameter. This suggests that it is largely defined by self-heating as shall be 
discussed later. 
The efficiency drops with increasing temperature 
(above 250C) for all devices, but 
less for the smaller ones that have a lower efficiency at lower temperatures. The 
maximum efficiency for the 70pm 
device is higher than for the 100pm one. The 
reason for this seems to 
lie in the different contact design as indicated in figure 6.6. 
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Figure 6.15: Maximum external quantum efficiency for different device sizes as a 
function of temperature. 
However for higher currents the efficiency is higher for the 100pm device as can be 
seen in figure 6.10. 
To investigate the temperature dependence for the different device sizes, the 
light output density is plotted in figures 6.16 and 6.17 at a current density of 
92A/C, M2 for a range of temperatures and three different device sizes. In these 
figures devices from two different designs are compared. The devices in figure 6.17 
are processed from wafer S1, while the devices in figure 6.16 are processed from a 
wafer with the J02 structure. 
It can be seen in figure 6.16 that the light density for all four devices is nearly the 
same across the full temperature range irrespective of whether the correction is ap- 
plied. For the set of S1 devices shown in figure 6.17 this is only true for temperatures 
above 40'C (without correction). The reason for this difference can be explained 
by comparing figures 6.12 and 6.13, where the efficiency versus current density is 
plotted. For the current density of 92A/CM2 as used in figures 6.16 and 6.1 71 the 
SI devices have not all reached their highest efficiency and so differ more than the 
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three J02 devices with different aperture 
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Figure 6.17: Light output density at 
the same current density for three Sl de- 
vices with different aperture size for tem- 
peratures between 15'C and 75'C. 
ones shown in 6.16. The two wafers from which the devices were processed had two 
very different structures and were grown on different systems. The SI devices had 
8 top DBR pairs, and a de-tuning of +9nm for one QW transition. The J02 had 
11 top DBR pairs and had two different QW transitions of which one was basically 
already tuned (+Inm de-tuned) and the other +12nm de-tuned. Finally, the devices 
also had two different contact designs, as can be seen in figure 6.14. Besides the 
devices themselves the measurements also differed. The S1 devices shown in figure 
6.17 were bonded into TO-cans and so the total output (except for the limited can 
angle) was measured. The bare J02 devices were measured on the probe station 
with a collection angle of about 30'. This explains why the J02 
devices deviate from 
the linear temperature dependence. At temperatures above 50'C the emission from 
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the second QW also reaches the collection window and so moderates the decrease 
with temperature. Figures 6.16 and 6.17 give no clear indication about any intrinsic 
size dependence. For the SI devices with respect to the light output at 25'C the 
rate at which the light output decreases with temperature is -- 1%1'C over a tem- 
perature range from 25'C to 75'C independently of device size. The light output 
for the J02 devices decreases by - 1.2%/'C with respect to the light output at 150C 
over the range from IYC to 85'C. ln both cases this linear approximation are not 
strictly true but provide an indication of the temperature dependence that can then 
be compared with results from other devices. The measurements were made at the 
same current density to distinguish any intrinsic size dependence. The important 
temperature dependence however is how devices act for the same light output. To 
explore the temperature dependence further, self-heating for different device sizes is 
investigated. 
6.3.4 Self-heating 
As previously described in section 5.6.1, to investigate self-heating, the current re- 
quired for a constant light output was measured for different temperatures under 
c. w. and pulsed mode. The temperature difference at a given current between the 
pulsed and the c. w. results is taken as the amount of self-heating of a device. In 
figure 6.18 the results for three different devices sizes are shown. Figures 6.18(a-c) 
show the current needed to obtain the same light output for the three different de- 
vices sizes under c. w. and pulsed operation. The temperature differences between 
pulsed c. w. mode for these three devices are shown in figure 6.18(d) together with 
linear fits to the data. 
The self-heating is more prominent for the smaller devices, evident by the greater 
difference between c. w. and pulsed values seen in figures 6.18(a-c). The dATIdl as 
plotted in figure 6.18(d) shows the same trend as it is increasing from 0.55'C/mA 
for 
the 200pm device to 2-30C/mA for the 25pm device. How this exactly depends on 
the diameter depends on the heating effects present in these devices. The heating is 
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Figure 6.18: Current needed for a constant light output, 0.75[IW, (the same for all 
devices) under pulsed and c. w. operation for (a) 25pm, (b) 70prn and (c) 200prn diameter 
devices. The extracted self-heating is plotted in graph (d). 
caused by the current flow through the active region. The generated heat drops off 
radially to the perimeter and then towards the substrate which is held at a constant 
temperature. Hence, on average, the smaller devices see a higher temperature than 
the larger devices. If the device is considered to be a disc shaped heat source of 
diameter d dissipating into a semi-infinite substrate of thermal conductivity a the 
rate the temperature rises with current may be found to be [111] 
dAT 
-V (6.2) dl 2da' 
where V is the voltage across the device. IV is equal to the electrical power that is 
responsible for the heating. The voltage across the devices lies between 1.75V and 
2.1V increasing with current and decreasing with device size. For the current ranges 
investigated here dVIdl < O. OIV/mA and was thus neglected. The rate of change 
CHAPTER 6. INFLUENCE OF TOP DBRS AND APERTURE SIZE 
(dATIdI) for all the different devices is plotted in figure 6.19 versus V/2d. 
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Figure 6.19: Rate of change of self-heating (dATIdl) for different size devices versus 
V/2d together with a linear fit to the data determining the thermal conductivity a. 
The thermal conductivity can be estimated from the inverse of the slope of a linear 
fit to the data. From this a=0.15 ± 0.02W/cm'C. In practice it is difficult to 
find the exact value for the thermal conductivity for the whole structure. For the 
QW material Gao. 51no. 5P a value of 0.05W/cmoC has been reported [112]. No value 
for AlGaInP could be found, but due to the higher anharmonicity caused by the 
difference in the size of the atoms, it is expected to be even lower than in GaInP 
as the phonon scattering is increased [113]. In [1141 it has been shown that the 
thermal conductivity for AlAs/GaAs superlattices with a period of 50nm is higher 
(0.25W/cm'C) than for an A10.5GaO. 5As alloy (0.11W/cm'C). The same can be ex- 
pected for the AlAsIA10.5GaO. 5As Bragg stacks with the same period. As the thermal 
conductivity of 
AIO. 
75GaO. 25As is higher than for AIO. 5GaO. 5As (0.14WICM'C) [112]) 
the thermal conductivity of the Bragg stacks will also be higher than 0.25W/cmoC. 
This shows that the fitted value of 0.151,1"/cm'C is well within the possible values 
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reported in the literature. This also confirms the I/d dependence and adds credi- 
bility to the method used to determine the temperature rise. The increase of the 
self-heating with decreasing device size also confirms self-heating as the reason for 
the lower efficiencies and also the lower current at which the maximum efficiencies 
occur in smaller devices. 
6.4 Conclusions 
In this chapter the influence of the top DBR reflectivity (8,11 and 14 DBR pairs) 
and the aperture size (25pm, 50pm, 70jim, 100ym, 150pm and 200pm diameters) on 
the light output in particular with increasing temperature have been investigated. 
In conjunction with the results of the previous chapter it has been shown 
that the de-tuning has a greater influence on the light output than the number of 
top DBRs when a -30' collection angle is considered (typical collection angle for 
a POF). By comparing the total light output with the output coupled into a 600 
cone, slightly higher coupling was observed for the device with 14 top DBRs. This 
confirms the theoretical predictions that devices with more than 13 DBR layers are 
more suitable for coupling into a fibre-like NA of 0.5. 
The external quantum efficiency for larger aperture devices has been shown 
to be higher than for the smaller ones. Since the compactness of the active region 
is the main reason for the devices self-heating, this effect is more prominent for 
the smaller devices. Hence, there is an overall advantage to use larger devices if 
high light output is required. The maximum external efficiency at 25'C drops from 
2.6% for the 200pm device to 1.4% for the 25/tm device corresponding to a light 
output of 0.9mW and 0.15mW at 20mA, respectively. For 
lower current densities 
larger devices have the problem that the current is not spread uniformly enough. By 
introducing spoke or grid-like contacts this problem can be overcome but light is 
lost 
through the obstruction of the contacts. However, for the typical operating current 
of 20mA the larger devices investigated 
here show higher efficiencies. The lack of 
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good current spreading was seen for the 70pm device, for which the light output did 
not increase very much compared to the 50pm device as no extra contact improves 
the current spreading. In a second set of devices, the problem of current spreading 
was solved by using a contact grid of equally-sized hexagons and thus the current is 
spread equally in all device sizes. These devices had two different QW transitions. 
This decreased the temperature sensitivity at higher temperatures as the second 
QW tunes in at temperatures as the first QW is starting to de-tune negatively. 
Nevertheless, the light output decreased by - 1.2% compared to only - 1% for the 
other set of devices over a temperature range from 20'C and 800C. There was no 
clear evidence of photon recycling being present in the larger devices, a phenomenon 
that may occur for devices larger than - 100tim. 
Self-heating was found to increase inversely proportional to the diameter. As 
the heating is caused by the current flow through the active region and the generated 
heat drops off radially to the perimeter, a simple heating model could be applied 
and the thermal conductivity was determined to be (0.15 ± 0.02)W/cm'C, which 
is within values found in the literature for the different layer materials forming the 
devices. 
Chapter 7 
Fibre coupling and modulation 
bandwidth 
7.1 Introduction 
In the two previous chapters the influence on the light output of the QW-CM de- 
tuning, the device aperture size and number of top DBR pairs have been investi- 
gated. In this chapter the influence of these results on some of the important fac- 
tors for the application of RCLEDs shall be studied. RCLEDs emitting at around 
650nm have been developed for use in short distance networks via plastic optical 
fibres (POFs). The three main factors of importance for these applications that will 
be investigated here are the fibre coupled power, the actual transmitted power to 
the end of the fibre and also the modulation bandwidth of the devices themselves. 
The coupling into a PMMA step index (SI)-POF with Imm core diameter, in 
particular comparing the coupling efficiency of tuned and de-tuned devices, will be 
discussed. The temperature dependence of this coupling efficiency and the resulting 
temperature stability of the system will also be shown. The modulation bandwidth 
of the devices determines how fast information can be transmitted using it as a 
source. The modulation bandwidth and its dependence on device size and 
QW-C-NI 
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de-tuning will be investigated in this chapter. From the size dependence of the 
modulation bandwidth, information about the carrier density and the main current 
paths will be discussed. 
7.2 Fibre coupling 
In the following section the actual coupling into a commercially available POF shall 
be considered. The coupling efficiency depends on the acceptance angle of the fibre 
and thus its numerical aperture. The numerical aperture (NA) for optical fibre de- 
pends on the refractive indices of the core and cladding of the fibre and has been 
expressed earlier in equation 1.1 and illustrated in figure 1.1. For PMMA plastic 
fibre this leads to NA=0.5, which corresponds to an acceptance angle of 30'. There- 
fore only light that leaves the device within a 60' cone will be accepted into the 
fibre. Not only is the numerical aperture, and thus the resulting coupling efficiency 
important but also the wavelength dependence of the transmitted signal. Two fac- 
tors contribute to this. Firstly the attenuation of the fibre is strongly wavelength 
dependent as seen in figure 7.1. 
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Figure 7.1: Attenuation 
of PMMA-POF from 500- 
700nm after [115]. 
Hence light at a wavelength of 650nm will be less absorbed by the fibre than light of 
a wavelength either side of this attenuation minimum. 
Secondly the fibre acceptance 
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angle also determines which wavelengths will be coupled into the fibre. As shorter 
wavelengths are emitted at higher angles from the RCLED they are less likely to be 
coupled into the fibre. 
7.2.1 Influence of de-tuning 
To investigate the fibre coupling, EL spectra of devices were recorded before and af- 
ter passing through 30cm of POR In figure 7.2 a comparison between an (a) tuned 
and a (b) strongly de-tuned device is made. The far field results indicating the 
amount of de-tuning of these devices were shown in figure 5.2. As AQw of these 
devices is -650nm it coincides with the minimum attenuation loss of POR Thus 
the de-tuning of the devices is with respect to the QW and also to the fibre loss. 
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Figure 7.2: Normalised EL spectra for (a) a tuned (device 01) and (b) a strongly de- 
tuned device (02) obtained with an integrating sphere and a spectrometer 
directly (solid 
line and grey area) and after passing through 30cm of 
0.5 NA plastic optical fibre (dashed 
line and white area). The insets show the actual measured spectra. 
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The two graphs show the EL spectra at 10mA and room temperature, measured 
with a grating spectrometer, after collecting all the light in an integrating sphere. 
In the one case it was measured before (solid line) and in the other case after (dashed 
line) passing through 30cm of POR To illustrate the change in the spectra they are 
normalised to the same peak value of 1. In the insets the actual EL intensity can 
be seen, and thus the decrease in intensity under the influence of the fibre. 
The reduced intensity being transmitted at shorter wavelengths can be under- 
stood in the decreased coupling efficiency for these wavelengths, that are mainly 
emitted at higher angles by the RCLED, rather than in the attenuation of the fibre. 
The overall decrease in the intensity can be seen in the insets of figure 7.2, which 
show the measured spectra. It can be seen that the overall decrease in intensity for 
the de-tuned device is much higher than for the tuned device. The reason for this 
is due to the limited collection angle, which is of greater importance to de-tuned 
devices. This becomes clearer when spectra recorded at smaller collection angle are 
compared with the spectrum obtained after the fibre. In figure 7.3 a comparison 
between three EL spectra of the de-tuned device is shown. 
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EL spectra, the total measured light 
4 
CL to- 
output, spectra measured with a 
0 collection angle of 27' and after 
passing through 30cm of POR 
_j W 5- 
0. 
0L 
600 6ýO 640 660 6ýO 760 
wavelength (nm) 
CHAPTER 7. FIBRE COUPLING AND MODULATION BANDWIDTH 138 
Here, together with the spectra already shown in figure 7.2 of the total light output 
and the light output after 30cm of fibre, the spectrum for a collection angle of 27' 
(similar to POF) is plotted. Rom this graph it becomes clear that most of the light 
is lost by not coupling into the fibre. In fact, of the total light output (calculated 
from the integral of the EL spectrum) only 22% of it is emitted into a cone of 270and 
thus possibly coupled into the fibre. If all of this light was coupled into the fibre 35% 
of it reaches the other end of the fibre. This is similar to the 42% transmission that 
is observed for the tuned device assuming all of the light to be coupled into the fi- 
bre. Both values are smaller than expected for transmission through a 30cm piece of 
fibre. Assuming on average a constant attenuation of 200dB/km for the wavelength 
range of interest and allowing for 4% of reflection (according to Fresnel's equation 
2.3 and a refractive index for the fibre of -1.5) at the interfaces, approximately 
91% of the light should be transmitted over 30cm of fibre. The reason for the much 
higher observed attenuation could lie in a non-ideal fibre and in particular the cleave 
quality which would lead to both higher scattering loss and higher back-reflection. 
7.2.2 Temperature dependence 
As discussed in section 5.4.1 positive de-tuning is advantagous for temperature sta- 
bility. With increasing temperature the de-tuning reduces. For initially positively 
de-tuned devices Acm and AQW move closer together with increasing temperature. 
This means that with increasing temperature a greater portion of 
light gets emitted 
into the 30' fibre acceptance cone. So while the overall light output 
decreases, the 
relative proportion of light coupled into the 
fibre increases, which could lead to an 
almost constant light output being coupled into the 
fibre over a given temperature 
range. Indeed even a small increase of the 
light coupled into the fibre with temper- 
ature (for low currents) has also 
been observed by Streubel et al [39]. 
For the far field pattern as seen in figure 7.4 this means that the two 
lobes 
(output peaks) come closer together he the 
far field narrows. Here far field spectra 
at four different temperatures 
for an initially positively de-tuned device are shown. 
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The arrow indicates the shift of the peak output. 
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Figure 7.4: Temperature dependent normalised far field spectra of an initially de-tuned 
device, showing the narrowing of the spectra. 
With increasing temperature a greater portion of light gets emitted into the forward 
direction and thus more light could possibly be coupled into the acceptance cone of 
a fibre. In figure 7.5 the coupling efficiency for a strongly de-tuned device (device 
02 with maximum emission at 45') is shown at two temperatures. This efficiency is 
calculated as the ratio of the LI measured after 30cm of fibre to the uncoupled LL 
As expected the coupling efficiency at 50'C is higher than at 20'C as the de-tuning 
decreases with temperature. The efficiency also increases with current, which again 
is due to self-heating which would help to tune the device. In figure 7.6 a comparison 
of the coupling efficiency between the tuned and the de-tuned device can be seen at 
20 and 50'C. 
Firstly, it can be seen that the coupling efficiency is higher for the initially 
tuned device. It is around 40% compared to 20% for the de-tuned device. The effi- 
ciency increases with both current and temperature for the de-tuned device, whilst 
it decreases for the tuned device. An increase in the ambient temperature (or indi- 
rect heating of the active region through increasing current) will shift 
AQw to longer 
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Figure 7.5: Current and 
temperature dependence of 
the coupling efficiency of the 
de-tuned device 02 into POR 
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Figure 7.6: Comparison of 
POF-coupling efficiency for a 
tuned and a de-tuned device 
at two temperatures. 
wavelengths. As the device was tuned at room temperature and thus AQW = Acm 
(at RT) AQw will move to the longer wavelengths side of ACM, which leads to a 
decrease in the light output. 
Rom the coupling experiments it becomes apparent that the best device de- 
pends on the particular application and the temperature conditions. The coupling 
and the transmission are at a maximum if the device is tuned at 650nm. However, 
for a tuned device the temperature sensitivity is higher. To achieve the most stable 
output over the desired temperature range it is advisable to use a device which is 
de-tuned at room temperature, as this will tune in with increasing temperature until 
140 
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it is finally tuned at the highest operating temperature. Hence should not only Acm 
be away from 650nm but also AQw. If AQw - 642nm at RT it will be approxi- 
mately 650nm at 80'C. If the cavity is de-tuned so that it will also yield 650nm at 
80'C (being -648nm at RT) it will be possible to achieve the highest coupling and 
transmission at this temperature, thus compensating for other temperature induced 
losses. 
7.3 Modulation bandwidth 
An important characteristic of RCLED devices for data applications is their mod- 
ulation bandwidth. The higher the bandwidth the faster they can be modulated 
and thus the more data can be transmitted. The modulation bandwidth is de- 
fined as the frequency at which the modulated power drops to one half of its low 
frequency value. This point is also called the -3dB point or the cut-off frequency 
(-3dB=10log(1/2)=10log(I/Io))- 1n figure 7.7 the set-up used to measure the mod- 
ulation bandwidth is shown. 
network analyser 
f (MHz) 
DC current source DC vol 
detector supply 
device '177 
bias-tee bias-tee 
Figure 7.7: Set-Up to measure the modulation bandwidth. 
In addition to the c. w. current supplied 
by the current source, the network ana- 
CHAPTER 7. FIBRE COUPLING AND MODULATION BANDWIDTH 142 
lyzer provides an RF signal of -10dBm. This signal is swept through a frequency 
range of 0.3MHz to 50OMHz and supplied through a bias tee to the device, together 
with the c. w. current. The light output is focused with a microscope objective with 
NA=0.65 onto a fast photodiode to detect the light. The diode is connected to a 
d. c. reverse bias power supply via a second bias tee which extracts the modulated 
signal for analysis on the network analyzer. The measured transmitted signal shows 
the frequency response of the device. The 3dB point can be read from the graph as 
seen in figure 7.8. 
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Figure 7.8: Typi- 
cal frequency response 
from which the cut-off- 
frequency (bandwidth) 
can be extracted. 
1 10 100 
frequency (MHz) 
Here a typical frequency response for an RCLED can be seen. The cut-off- 
frequency at 122MHz is indicated. The features at higher frequencies are due to some 
frequency response of the components of the set-up. This makes it particularly hard 
to measure accurately any cut-off-frequencies above 20OMHz. 
7.3.1 Effect of de-tuning 
In figure 7.9 the bandwidth measured at different (DC)-currents is shown for three 
70pm devices with different de-tuning. Their AcAl at 20'C are indicated in the 
graph and the QW peak emission peak lies at 650nm. 
It can be seen that the bandwidth increases with increasing current 
for all 
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Figure 7.9: Bandwidth versus current for three 70ym devices with different de-tuning. 
Their Acm at 20'C are indicated in the graph. 
devices. However, in contrast to what has been reported elsewhere [116] the tuned 
devices appear not to have a higher bandwidth than the de-tuned ones. The to- 
tal light output for the de-tuned devices is higher, which might suggest a higher 
radiative current which would result in a higher bandwidth. The enhancement of 
the spontaneous emission is suggested to be higher in tuned devices as has been re- 
ported for microdisk lasers [117]. Along with the enhancement of the emission goes 
the reduction in the carrier lifetime. The photons get channelled into the cavity 
mode which reduces their lifetime. All this has less of an effect on RCLEDs as more 
than one mode is emitted. 
7.3.2 Influence of aperture size 
In this section the influence of the aperture size on the modulation bandwidth shall 
649nm 
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0 
. 
I 
11 
U 
is 
0 
be discussed. In figure 7.10 the bandwidth for different DC currents and 6 different 
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device sizes (diameters as indicated in the graph) is plotted. These are the same 
devices investigated in the last chapter (processed from the SI wafer). 
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Figure 7.10: Bandwidth versus DC bias current for 6 different devices. 
An increase of the bandwidth with increasing current density is observed (either by 
increasing current or decreasing device size). Therefore, for a given current smaller 
device sizes yield higher bandwidth, as has already been shown for RCLEDs [118]. 
At higher currents the frequencies roll off, which coincides with the thermal roll over 
for the different devices sizes [119]. To eliminate the effect of the size the results can 
be plotted against current density [120]. 
Theoretically the relation between the radiative current density and the mod- 
ulation bandwidth can be calculated. The current density J can 
be expressed in 
three ways 
j-n 
or in differential form 
V_ eL (7.1) 
eL T, 3 
' dn T 
where n is the carrier density, 
L the thickness of the active region andT, the carrier 
lifetime and -r the differential carrier lifetime for all processes, respectively. 
These 
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equations are valid providing that all recombinations happen within L. The third 
way of representing J is by summing over the different current contributions 
Jý Jnr + Jrad + Jleak (7.2) 
J= eL(An + Bn 2) +D exp 
( 
kT 
)1 
(7-3) 
Here An accounts for the non-radiative (Jn, ), monomolecular contribution that is 
mostly defect related and hence A is called the monomolecular recombination coef- 
ficient. B is the bimolecular recombination coefficient that accounts for the sponta- 
neous, radiative emission (Jrad). The last term represents the leakage current (Jleak) 1 
where the activation energy (Ea) is a function of the carrier density. 
As the modulation bandwidth f is defined as f= 1/(27rT)) [121] it can be cal- 
culated by taking the derivative of J with respect to n and dividing by eL, where L 
is the total thickness of the active region. If the leakage current is assumed negligible 
this leads to 
dJ) 
=I (A+ 2Bn). (7.4) 27T 27r eL dn 27r 
In chapter 5 it was shown that the leakage is insignificant at room temperature, 
where these measurements are performed. The radiative current Jrad = eLBn 
2. 
Re-arranging for n and substituting it into equation 7.4 leads to 
A+2 
27r 
( FJ-ra 
d) 
vle-L 
(7.5) 
and thus to a linear relation between f and 
V-J,,, d. 1n figure 7.11 the bandwidth 
is plotted with respect to the square root of the radiative current 
density. Here 
the radiative current density, Jradi is calculated using the 
DDM model described in 
chapter 5 [107]. 
The predicted linear trend is confirmed for all devices irrespective of size 
in 
figure 7.11. Hence no intrinsic size dependence is observed that would have been 
expected if size dependent effects 
like photon recycling played a role [122]. This 
linear relationship is significant for the design of 
devices. If the bandwidth was 
solely determined by the radiative current 
density and thus by the carrier lifetime 
within the active region, only the radiative current would 
have to be increased to 
CHAPTER 7. FIBRE COUPLING AND MODULATION BANDWIDTH 
160 
140 
N 120 
100 
C- 
80 
60 
C: 
cz 
-0 40 
20 
n 
25ýtm, * 50gm 
70ýtM A1 00ýtM 
150ýtm 2Mtm 
2468 10 12 14 16 18 20 22 24 26 28 
radiative current density' 
/2 (A' /2 /cm) 
Figure 7.11: Bandwidth versus the square-root of radiative current density. 
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improve the modulation bandwidth. However, the non-radiative recombination also 
has a great influence as can be seen in bandwidth measurements that have been 
performed on devices that had been "burned-in" [118]. The burn-in (leaving the 
devices operating for several hours at temperatures of about 60'C to 70'C and a 
constant bias current) leads to migration of defects and thus to a possible increase 
in the light output (thus also the radiative current) and a decrease in the defect 
related recombination. Due to the latter a decrease in the bandwidth is observed. 
Rom a linear fit of the data in figure 7.11, B can be extracted from the 
slope and A from the intercept. This also shows how both contributions affect 
the bandwidth. A high defect related current will lead to high bandwidth at low 
current, a high radiative current 
leads to higher bandwidth mainly at higher currents. 
Assuming that the width of the active region is given by the sum of the widths of 
the two quantum wells (and therefore L=2x 6nm = 
1.2 x 10-6CM) values for 
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B=3.0 ± 0.5 x 10-11CM3 Is and A=1.1 ± 0.2 x 108S-1 can be determined. This 
predicts that or carrier densities in the range of n =1 X 1018/C7n3 ton = 3x 1018/CM3, 
the defect related monomolecular contribution An always exceeds the value for Bn 
2. 
To make a more quantitative statement about the various current contributions, it is 
useful to know how the carrier density (n) varies with current, as shall be discussed 
next. 
7.3.3 Calculation of the carrier density 
The carrier density can be calculated using the bandwidth data. By plotting the 
differential carrier lifetime T= 1/(27rf) against the total current density J, re- 
arranging the differential form of equation 7.1 n can be deduced from 
dn= 
I jTdJ. (7.6) 
eL 
The lifetime T extracted from the measured bandwidth includes all the recom- 
bination effects. Equation 7.6 provides a way to calculate the carrier density by 
numerically integrating the graph of -r versus J as shown in figure 7.12 as suggested 
by Thompson [123]. The absolute value of n depends critically on the choice of the 
width of the active region, L. The result of the integral is shown in figure 7.13. 
The carrier density lies in the expected range between 
1018/crn3 and 1019/cM3 
over this current density range. This shows how with a relatively straightforward 
measurement of the frequency response of the device, the carrier density can be 
extracted. 
Recalling that at room temperature and low current density region leakage is 
not important, equation 7.3 reduces to: 
J= eL(An + Bn 
2). (7.7) 
This leads to a way of determining A and B entirely experimentally, by plotting the 
current density J versus the carrier 
density n, as can be seen in figure 7.14. The 
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Figure 7.13: Carrier density n versus 
current density as calculated by integrat- 
ing the data in figure 7.12. 
data points can now be fitted with the quadratic equation 7.7. In the inset the mean 
square fitting error is plotted for fits over different number of points. The result for 
the best fit, in which only points up to 20OA/cm 2 were taken into account, is plotted 
in the graph as shown by the solid line. 
Equation 7.7 is only true if leakage can be neglected. In chapter 5 it had been found 
that leakage was only important at higher temperatures and/ or high current den- 
sities. The data in figure 7.14 are extracted from room temperature measurements. 
The current density up to which equation 7.7 is applicable may be deduced from 
the inset of figure 7.14, which shows the mean square error for fits over different 
J ranges. This error remains approximately constant for fits made based upon the 
first 10 to 18 points. If more points, at higher J, are used for the fit, the error goes 
up quickly, as would be expected as equation 7.7 is not 
longer valid. If fewer points 
buu 1000 1500 2000 
CHAPTER 7. FIBRE COUPLING AND MODULATION BANDWIDTH 149 
2000 
CM 
E 
1500 
"Fn 1000 
c: (D 
-0 
500 
(D 
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 
100 0 
10 
C\j 
1 
cs-. ý 
0.1 
5 10 15 20 25 30 35 0 
number of fitted points 
0 0 
00 
CP 
best fit 
carrier density (1 018/CM3) 
Figure 7.14: Current density versus carrier density together with a polynomial fit at 
low current densities. The inset shows the mean square error of the fit with respect to the 
number of fitted points corresponding to the current density. 
are used, the error is naturally smaller but only because too few points are used. 
The effect on the A and B values for the different fits is plotted in figure 7.15 with 
respect to the number of fitted points. The equivalent values for the current and the 
carrier density are also indicated. The A and B values corresponding to the region 
with consistent fits are indicated by the open symbols in the graph and only these 
are used to determine A and B for the devices. 
Taking the average of the values, as indicated by the horizontal lines on figure 7.15 
gives A= (1.75 ± 0.02) X 108/8 (corresponding to a non-radiative recombination life- 
time ofTn, =I /A =- 5.7ns) and B= (4.3 ± 0.1) X 
10-11CM3/S 
. These values are 
both 
greater than the values extracted from the fit of figure 7.11, but still comparable. 
The main reason for the difference is that the two methods assume different values 
for n. Guina et al [118] reported a value of B=9.2 x 
10-11CM3 Is and non-radiative 
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lifetimes between 1.63ns and 3.75ns, extracted from experimental bandwidth mea- 
surements and a rate equation model for similar InCaP-based devices. Their higher 
B value would suggest more efficient devices whereas the shorter non-radiative life- 
time would lead to lower efficiency, in particular at low carrier densities. If similar 
device sizes to those of Guina et al are compared at 10 and 20mA with their mea- 
surements, the devices measured here show higher light output. However, as no 
values for the carrier density were available from [118] the reliability of both meth- 
ods in determining A and B could not be compared. 
With the experimentally deduced n, and the corresponding A and B values, 
the individual contribution of the different current paths can now be plotted. In 
figure 7.16 the An (dashed line) and Bn 2 term (dotted line) are plotted for current 
densities up to 20OA/cm 2, together with the total current density (solid squares) 
and the fit (solid line) that was used to determine A and B in figure 7.14. 
Figure 7.16 also shows how good the fit is in figure 7.14, for the region of low current 
densities. Above 20OA/cm 2 the fit deviates from the experimental data. This is due 
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Figure 7.16: An (dashed line) and Bn 2 term (dotted line) together with the total current 
density (squares) and the fit with equation 7.7 (solid line) up to current densities of 
20OA/cm 2. 
to the effect of leakage. From the other two curves it can be seen that at carrier 
densities below 4x 1018/CM31 the monomolecular current, dominates the total cur- 
rent flowing through the device. This may be due to defects in the active region of 
the devices or surface states on the aperture boundary caused by the implanted ions 
forming the current aperture. 
With this knowledge of A, B, and n the different current contributions for 
different devices can be calculated. For the same input current, smaller devices will 
be at a higher current density. Thus the fraction of the radiative current (Bn 2) Will 
be higher for these than for larger devices. However in chapter 6 it was observed 
that the external quantum efficiency is higher for larger devices. For higher current 
densities (that are present in smaller devices) the fraction of leakage current goes 
up. For smaller devices the self-heating is also more important, which again leads to 
more leakage. All of these factors limit the light output, particularly in the smaller 
devices, thus making them less efficient than the larger devices. However, the higher 
current density in the smaller devices leads to a higher operating bandwidth 
for a 
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given current. For the applications of these devices a compromise between high light 
output or high bandwidth will determine the optimum device size. 
7.3.3.1 Power dependence of J versus n 
The n dependence of the current density J is given by 
i= 
An + Bn 
2+ 
Jleak(n) 
(7.8) 
eL eL 
Over a limited range of n, J cx nz, where z is the carrier density dependence of J. 
The slope of a plot of log(J) versus log(n), as it is shown in figure 7.17 gives the 
value of z indicating the main current contribution. 
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Figure 7.17: Current density versus carrier density to find the main current contribution. 
As the slope increases over this range two linear fits are performed. From the 
first fit 
up to a carrier density of 1.7 x 1018 z=1.18 ± 0.02 and thus 
indicating that the defect 
related current (the monomolecular contribution) 
dominates in these devices. This 
confirms the high An contribution to the total 
injected current over this range of 
carrier density. Rom the second 
linear fit for the higher current densities z=1.40 ± 
0.01. This confirms the higher radiative contribution at higher current 
densities. 
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7.3.4 Temperature dependence 
153 
At RT and low current densities neither leakage nor self-heating are affecting the 
devices. To see the influence of temperature on the recombination the bandwidth 
(f) is measured for a series of currents at varying temperatures. In figure 7.18 the 
lifetime T= 1/(27rf) is plotted versus temperature for two devices: one 200tim 
device at an DC current of 10mA (current density J= 64A/CM2 ) and one 70jim 
device at 20mA (J = 
520A/CM2). 
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Figure 7.18: Total carrier lifetime (, r) measured for an (a) 200ym device at 10mA 
(J = 64A/CM2) and (b) for a 70ym device at 20mA 
(J = 520A/CM2) for a range of 
temperatures between 20'C and 70'C. The lines are just guides to the eye. 
It can be seen in figure 7.18(a) that the lifetime is constant up to 
30'C after which 
it starts to decrease. The total differential lifetime is given 
by 
I-I 
T Tnr 
11 
Trad Tleak 
I 
-A+ 2Bn+ - Tleak 
(7-9) 
In the low temperature region, where leakage is negligible, Tleak is very large 
e- U ou +U OU vv IV 
temperature (OC) 
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and so the total lifetime is determined mainly by the radiative and defect recombi- 
nation lifetimes. At higher temperatures an additional recombination path becomes 
available which reduces the overall lifetime. This confirms that for temperattires 
starting at 40'C leakage starts to play a significant role. The effect of the higher 
current density can be seen in figure 7.18(b). The total lifetime is significantly 
shorter than for the device at lower current density and decreases for all temper- 
atures. The current density at which these devices were measured was 520A/CM2. 
As this is higher than 20OA/Crn2 it confirms that leakage plays a role even at RT at 
this current density. 
To quantify the leakage lifetime, the bandwidth and thus the total lifetime is 
measured for constant light output. The results for the differential lifetime can be 
seen in the inset of figure 7.19. The lifetime associated with leakage is calculated 
using equation 7.9 and assuming the following for the temperature dependence of 
I/T, andl/Trador A and B respectively: A(T) oc V' [124] and B(T) oc IIT [125]. 
Due to the change in extraction efficiency with temperature it is found in chapter 
5 that the radiative current cx Bn 2 increases linearly with T if the light output is 
held constant as is here. Therefore it can be assumed that Bn = const and thus 
I/ -r, ad= const. 
A linear fit of the inverse lifetime gives an activation energy for the leakage of 
313±7meV, which is comparable with the results of 350meV obtained in chapter 5. 
The two points at lower temperature do not lie on this linear fit. Any error in A 
and B and their assumed temperature dependence will have a higher effect on these 
low temperature values. At higher current densities the total lifetime is more de- 
termined by leakage and thus this region is used to determine the activation energy 
associated with leakage. 
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Figure 7.19: Inverse leakage lifetime versus inverse temperature on a semilogarithmic 
scale. Tleak is calculated from total lifetime measurements for constant light output using 
equation 7.9 and the in the text described temperature dependencies of A and B. The 
total measured lifetimes together with the current densities for each point is also shown. 
7.4 Conclusions 
In this chapter measurements important for the application of RCLEDs for local 
area network communications based upon POF were discussed. The coupling into 
POF is more efficient for devices where AQw is tuned with respect to ACM and to the 
minimum of the fibre attenuation at 650nm. The main disadvantage for de-tuned 
devices is not so much the attenuation of the fibre but rather the restricted collection 
angle. If the coupling efficiency is measured for increasing temperature it increases 
for the de-tuned devices, confirming the lower temperature sensitivity for de-tuned 
devices as discussed in chapter 5. 
From the modulation bandwidth measurements modulation speeds of between 
30 and 150MHz are observed depending on device size and 
bias current. This would 
be sufficient for use in in-car networks, where data rates of up to 
24Mbps are used. 
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No difference in the bandwidth for differently de-tuned devices could be ob- 
served. The bandwidth scales linearly with the square-root of the radiative current 
density. Hence there is no intrinsic size dependence which would have been expected 
if effects like photon recycling played a role. nom the bandwidth measurements over 
a range of current densities, the carrier density could be calculated. This could then 
be used to determine the monomolecular and radiative recombination parameters, 
A -- 1.75 x 108 Is and B=4.3 x 10-11CM3/8 , respectively. The relative size of 
these parameters determines the amount of radiative recombination to the total in- 
jected current. Together with the experimentally determined carrier density these 
results show that at room temperature non-radiative recombination dominates the 
devices up to a carrier density of 4x 1018/CM3 corresponding to a current density 
of 130A/cm 2. This is confirmed by the power dependence of the current on carrier 
density, J cc n' yielding z=1.36 as the exponent. It was shown that at RT from 
a current density of 20OA/cm 2 leakage becomes more important for these devices. 
The decrease in the differential carrier lifetime with temperature shows that above 
400C leakage in these devices becomes significant at relatively low J values. An 
activation energy for the leakage of 313meV was determined from the extraction of 
the leakage lifetime. This value agreed well with an activation energy of 350meV 
found earlier in chapter 5 and similar values reported in the literature. 
Chapter 8 
Thesis conclusions 
8.1 Summary 
The main aim of this thesis was to investigate the parameters affecting the 
performance of GaInP-based resonant-cavity LEDs emitting at 650nm. These 
devices are produced to work in short distance networks using PMMA plastic 
optical fibre (POF), which has an attenuation minimum at 650nm. For several 
applications temperature stability over a large range (typical O'C to 80'C) is crucial 
for these devices as temperature control is un-economical for the intended low cost 
applications. In this thesis it was shown that the temperature sensitivity decreases 
with increasing device size and was also improved for positive QW-CM de-tuning 
(AA = Acm - AQw) when a POF-like collection angle 
(NA-0.5) was reproduced. 
The emission of an RCLED is determined by the QW emission peak wave- 
length (AQw) and line width (rQw), the cavity mode wavelength (Acm) and, 
in particular, the relative position of these two wavelengths. Hence it is very 
important to know AcAj and AQw accurately. To obtain AQw from the supplied 
wafers, photo-modulated reflectance (PR) and edge elect roluminescence 
(EL) were 
used. AcAl was found from reflectivity measurements on wafers and 
devices. The 
performance of the devices was characterised by light-current 
(LI) and spectrally 
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resolved EL measurements while varying device parameters such as the de-tuning 
between Acm and AQw, the aperture size and the number of top DBR pairs. The 
following paragraphs give a review of the main outcomes of the thesis. 
After a short introduction to the subject in chapter 1, chapter 2 ex- 
plained the basic concepts of RCLEDs, the underlying physical background and 
introduced the basic measurement principles for the characterisation of devices. 
In chapter 3 the measurements that were performed on the RCLED 
wafers to find AQW were discussed. The theory and the experimental techniques of 
photo-modulated reflectance and edge electroluminescence were considered. With 
various analysing techniques, the values of AQW for different wafers were confirmed 
to be near the required 650nm. 
In chapter 4 the theory of reflectivity for a multilayer structure was 
discussed and used to calculate and to fit experimentally measured reflectivity 
spectra. For one of the wafers the fitting predicted thinner top than bottom DBR 
pairs suggesting an error in the growth. This was confirmed using SEM imaging. 
Along with conventionally measured R-spectra of wafers, reflectivity measurements 
performed directly on devices were introduced and examined. This proved a 
valuable tool not only to determine differences between wafers and devices but also 
to pick devices with a particular ACM for further investigation. 
In chapter 5 the influence of the Acm-AQw de-tuning on the device 
performance was investigated. The amount of de-tuning has a strong influence on 
the far field pattern. The maximum light output for a device occurs when the 
QW maximum emission intensity is situated in the middle of the spectral escape 
window confirming the predictions of Ochoa et al [96] in 1999. If all the 
light is 
collected, this corresponds to a de-tuning of 45', and thus 15nni. 
Since devices 
tune-in with increasing temperature (i. e. AQw red shifts towards ACAj), the light 
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output of more strongly de-tuned devices is less temperature sensitiý-e than for 
those initially tuned. The focus with these measurements was on the application 
of coupling the light into POR For a POF acceptance angle of 30' the optiniuill 
de-tuning is much lower and only 2nm. Therefore for each measured temperature a 
device that is positively de-tuned by 2nm at that temperature shows the maximum 
light output. The light output decreases by between 0.9% - 1.6% from 20'C to 
70'C. The optimum device provides a compromise between high light output and 
low temperature sensitivity for a collection angle of 30' (as for POF). 
The high temperature sensitivity was attributed to two main effects; electron 
leakage into the X-minima of the p-cladding and Ohmic self-heating of the device 
due to resistance in the DBRs. It was observed that the percentage of leakage 
current goes up with the total current and with increasing temperature and reaches 
almost 50% at 80'C. It was also shown that self-heating accounts for 50% of the 
current at a device temperature of 70'C. However, self-heating increases with 
current and therefore leads to more leakage so both effects can not be described 
independently of each other. 
The size dependence and influence of the top reflectivity were discussed 
in chapter 6. In comparison with the de-tuning, the influence of the different 
numbers of top DBR pairs (8,11 and 14 pairs) has a negligible effect on the light 
output and its temperature dependence. The coupling efficiency into the fibre-like 
collection angle was slightly higher for the device with 14 DBRs in agreement with 
theoretical predictions by Benisty et al [35]. 
The external efficiency for larger aperture devices was found to be higher than 
for the smaller ones. In addition, it was found that the compactness of the active 
region is the main reason for the device self-heating. Therefore, this effect 
is more 
pronounced in smaller devices. Hence, if high light output and temperature stability 
are required, there is an advantage in using larger 
devices. The insufficient current 
spreading encountered in larger devices was overcome 
by using a grid contact. 
However, this grid obstructs some of the light, which makes the larger devices less 
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efficient at currents below 7mA. No clear evidence for photon recycling, which would 
lead to even higher efficiencies for the larger devices was found. The increased 
self-heating for smaller devices could be fitted with a simple heating model using a 
reasonable value of the thermal conductivity a=0.15±0.02W/cm'C for the devices. 
In chapter 7 the coupling efficiency into POF and the modulation bandwidth 
were measured. These are both important parameters in determining how successful 
RCLEDs can be for applications in local area networks. It was shown that the 
coupling into POF was more efficient for a device with zero de-tuning at 650nm 
mainly because of the acceptance angle allowing only light emitted within a cone of 
-54' to be collected by the fibre and because for a tuned device most of the light 
is directed into the forward direction. However, the advantage of the de-tuning 
was seen in the temperature and current dependence of the coupling. Due to 
self- or external heating the initially de-tuned devices tune-in leading to a lower 
temperature sensitivity. 
The modulation bandwidths of these devices varied between 30MHz and 
150MHz increasing with increasing current density. The higher bandwidth for 
smaller devices that was observed here was also observed in devices reported by 
Durnitrescu et al [28] in 2001. The bandwidth values confirmed that the devices in- 
vestigated here could be used in local area networks (e. g. for in-car entertainment). 
The upper limit of the bandwidth was given by the measurement conditions and 
was achieved with the 25pm device at an operating current of 10mA. However as 
small devices show the highest bandwidth the maximum modulation will ultimately 
be determined by the highest operation current for the smaller devices. Increased 
self-heating will however cause smaller devices to thermally roll-over at relatively 
low currents -20mA. 
It was also shown that the bandwidth measurements could be used to 
calculated the carrier density, which then was used to extract the recombination 
parameters A=1.75 x 108 /s and B=4.3 x 10-11CM3/8. 
In the temperature 
dependence of the differential lifetime it was observed that leakage becomes 
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important at temperatures greater than 40'C. 
In summary, it was shown that the optimum visible RCLED device de- 
pends strongly on the desired application. If high light output at a given operating 
temperature is the main concern, it will depend on the NA aperture of the light 
collection, as has also been reported by Oulton et al [99] in 2001. If the total light 
output is collected, strongly de-tuned devices (-14nm) will show the highest light 
output. For the application of POF with a NA=0.5 the maximum light output was 
obtained for devices tuned or up to 3nm de-tuned. If high light output and stable 
temperature operation is the main concern, large devices should be used. The 
advantages of smaller devices include the higher directionality for fibre coupling, 
better current spreading, and the higher bandwidth for a given operating current. 
8.2 Outlook 
In answering many questions about the performance of 650nm RCLEDs various 
further aspects of device operation have been found that would be interesting for 
further investigations. 
The difference of the temperature dependencies of devices with one and two 
QW emission wavelengths is a particularly interesting aspect. The results presented 
in this thesis indicate that a better temperature sensitivity could be achieved for 
two dissimilar QWs. 
Additional experiments on fibre coupling, data transmission and how the fibre 
influences the overall bandwidth of the system would give a clearer picture about 
the most suitable device. It could be investigated if the device proposed in chapter 
7 with AQw =: 642nm and Acm == 648nm showed the best temperature performance 
if coupled into POR 
The bandwidth measurements have proved to be a useful tool not only in 
terms of device characterisation but also in discovering important intrinsic parame- 
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ters of the material. By investigating the temperature dependence of the modulation 
bandwidth further it should be possible to find the temperature dependence of the 
monomolecular (A) and radiative (B) recombination parameters. The temperature 
dependence of the lifetime would also lead to more information about the tempera- 
ture variation of the carrier density. This could then be used to quantify the amount 
of leakage at higher temperatures and compare this with values obtained using the 
drift diffusion model program. 
As the reflectivity fitting showed good initial results, other R spectra could be fitted 
and compared. 
Many of the techniques used in this thesis, could also be applied to devices at other 
wavelengths, in particular for other LEDs or RCLEDs at 570nm or 1310nm which 
are of interest for both POF and silica fibre based applications. 
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Appendix 
Here the structural details of the investigated structures and devices can be found. 
A-1 Structure SI 
Layer Repeats Material x Thickness (nm) Doping 
I cap 1 GaAs 88.6 Zn 
2 1 Al-, Gal-,, As 0.5 30.9 C 
3 1 Al,, Gal-,, As 1-0.5 10 C 
4 7 AlAs 41.4 C 
5 7 Al,, Gal-,, As 0.5-1 10 C 
6 7 Al,, Gal-,, As 0.5 37.6 C 
7 7 Al,, Gal-., As 1-0.5 10 C 
8 1 AlAs 46.8 C 
9 1 Al., GaInP 0.7 49.8 Zn 
10 1 Al_, GaInP 0.3 38.8 
11 QW I InGaP 6 
12 1 Al_. GaInP 0.3 8 
13 QW 1 InGaP 6 
14 1 Al_-GaInP 0.3 38.8 
15 1 Al_, GaInP 0.7 49.8 Si 
16 1 AlAs 46.8 Si 
17 30 Al_-Gal-,, As 0.5-1 10 Si 
18 30 Al,, Gal-., As 0.5 37.6 Si 
19 30 Al,, Gal-,, As 1-0.5 10 Si 
20 30 AlAs 41.4 Si 
21 1 Al,, Gal-,, As 0.5-1 10 Si 
22 1 Al,, Gal-,, As 0.5 37.6 Si 
23 1 Al-, Gal--, As 1-0.5 10 Si 
24 1 AlAs 38.3 Si 
25 1 Al., Gal-., As 0-1 10 Si 
26 buffer 1 GaAs 200 Si 
Table 8.1: Structure SI 
Appendix 
Cl C% A-2 Structure ý)z 
Layer Repeats Material x Thickness (nm) D 
1 cap 1 GaAs 88.6 Zn 
2 1 Al--Gal-., As 0.5 30.9 C 
3 1 AlxGal-xAs 1-0.5 10 C 
4 7 AlAs 41.4 C 
5 7 AlxGal-xAs 0.5-1 10 C 
6 7 Al_-Gal---As 0.5 37.6 C 
7 7 Al_, Gal-XAs 1-0.5 10 C 
8 1 AlAs 46.8 C 
9 1 AlxGaInP 0.7 49.8 Zn 
10 1 AlxGaInP 0.3 38.3 
11 QW, I InGaP 7 
12 1 AlxGaInP 0.3 8.25 
13 QW2 I InGaP 4.5 
14 1 AlxGaInP 0.3 39.55 
15 1 AlxGaInP 0.7 49.8 Si 
16 1 AlAs 46.8 Si 
17 30 AlxGal-xAs 0.5-1 10 Si 
18 30 AlxGal-_, As 0.5 37.6 Si 
19 30 Al, ýGaj, As 1-0.5 
10 Si 
20 30 AlAs 41.4 Si 
21 1 AlxGal-xAs 0.5-1 10 Si 
22 1 AlxGal-xAs 0.5 37.6 Si 
23 1 Al,, Gal-xAs 1-0.5 10 Si 
24 1 AlAs 38.3 Si 
25 1 AlxGal-xAs 0-1 10 Si 
26 buffer 1 GaAs 200 Si 
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Table 8.2: Structure S2 
APpendix 
A. 3 Structure JOI 
Layer Repeats Material x 
ý Thickness (nm) I Doping 
cap GaAs 10 Mg 
2 DBR 8- 
- 
Al., Gal-,, As 0.5 46.1 Mg 
3 DBR 8 AlAs 
1 
52.2 Mg 
4 barrier 1 (Al--Gal-., )o. 51Ino. 49P 0.5 95.5 varied 
5 QW I InGaP 4 
6 barrier 1 (Al-- Gal 
--, 
)o. 51 InO. 49P 0.5 95.5 varied 
7 DBR 32 AlAs 52.2 Si 
8 DBR 32 Al_, Gal-,, As 0.5 46.1 Si 
9 buffer 1 GaAs 200 Si 
Table 8.3: Structures with varying cavity thicknesses. 
A-4 Structure J02 
177 
Layer Repeats Material x 
I Thickness (nm) Doping 
1 cap 1 GaAs 88.6 Mg, Zn, C 
2 DBR 81 117 14 Al_-Gal-., As 0.5 46.1 Mg, Zn, C 
3 DBR 87 11,14 AlAs 52.2 Mg, Zn, C 
4 barrier 1 (Al, Gal -x)0.51 
InO. 49P 0.5 93.7 
5 QW1 1 InGaP (for PL: 652nm) 7.5 
6 barrier 1 (A1, Gaj-x)0.51InO. 49P 0.5 89.8 
7 QW2 1 InGaP(for PL: 642nm) 7.5 
_ 8 barrier 1 (AIxGaj-x)0.51InO. 49P 0.5 93.7 
9 DBR 1 AlAs 52.2 Si 
10 DBR 32 AlxGal-xAs 0.5 46.1 Si 
11 DBR 32 AlAs 52.2 Si 
12 1 AIxGal-xAs 0-1 10 Si 
13 buffer 1 GaAs 200 Si 
Table 8.4: Structures with different numbers of top DBR pairs. 
